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PREFACE 



TO THE FIUST EDITION. 



Is this work the Author has endeavoured to place before 
Ms readers in an elementary form the facts and principles 
of ihe Science of ' Heat,' and also to give some of ihe 
t prominent practical applications of our knowledge 
of this subject. 

His object has been to begin with the study of well- 
a«ertiined facts and to proceed onwards to general 
principles. Accordingly, the work has been divided into 
three parts; the first of which embraces the study of the 
various effects produced by heat upon bodies. 

In this part many of the most recent investigations, 
IS well as the apparatus used in conducting them, are 
described at length, while numerical examples are given, 
which, it is hoped, may enable the student to attain to 
the accuracy needful in physical research. , 

The second division containS-flfe r^w^'wfr'ch fegtifepfi 
ihe distribution of heat throiigR'" space, and includes 
radiation, conduction, convection, aJni'tfi^ I'leasjremenls 
of specific and latent heat. Theoretical .vtev.s -arc _here 
for the first time introduced. :..*°", " '■ 

The third and last part relates to the nature of Heat, 
its sources, and ccmnection with other properties of 
natter. In this part Heat is viewed as a species of 
BWtion, and the leading principles of the science of 
energy, by which Heat becomes related to oOieT ' 
tt motion, are discussed. 



\?\ Iqti»^| 



It may be well to state the basis on which the reason- 
ing of this part has been founded. It has appeared ta 
the Author that the foundation which involves the smallest 
amount of assumption is that adopted by Professor Sir 
W. Thomson, namely the denial of the possibility of a 
perpetual motion of any kind, and it will be shewn in the 
sequel that the denial of one form of perpetual motion 
involves the principle of the 'conservation of energy,' 
while the denial of another form involves the principW 
of the 'dissipation of energy.' 

In our ignorance of the ultimate constitution of mattei 
it would thus appear that botli the ' conservation of energy' 
and the 'degradation or dissipation of energ'y' should t 
viewed as principles having very strong claims to recogm' 
tion, and as increasing these claims every day by the r 
facts which their employment as instruments of researcb 
is constantly bringing to light. 

A few words with regard to the mode in which the s 
ject of temperature is viewed. Some eminent philosophei 
are of opinion that our methods of subdividing a ra 
of temperature are to a great extent arbitrary, so i 
provided we always adhere to the same method we s 
not .be fed. iDtQ e.rrQr.,, . 

/Bjf afii* as" it\tn^, -S^fg can be no question that si 
melho^, of j3f«iig''.t6is "are much more convenient thai 
others; jiiyjiAat tJi'K one method, that by the air thennfl 
meler^-eajqjfs.ajch.a jpre-eminence of convenience T 
it mgy/vitV- p1j)j;w4ty_|be termed the proper method I 
subdividing a range of temperature. 

Starting with the assumption that there is a proper methoi 

of measuring temperature, it is shewn near the beginninj 

of this work that even if we are ignorant of this prop< 

L meihod diere is yet an advantage in emi^\o'jm^ s 

Mtiefmoineter. This advantage consists In viie i^^- '&ax ■« 



f use any permanent gas we choose for our air thermo- 
ter, and yet obtain results as nearly as may be identical 
with one another if all our instruments are read on the 
e principle ; while, on the other band, the indications 
lO[ two thermometers filled with different liquids, and both 
giadnated on the same principle, are not strictly comparable 
, *ith each other. If we determine to prefer an air thermo- 
r we still have to decide on what principle it ought 
to be read, and, while this principle is indicated at the 
encement of the work, the reasons in favour of its 
adoption are not fully discussed until the end. 

The author cannot omit the opporiunily of acknow- 
lei^g his obhgations to several scientific friends for the 
BBggestions and advice they have kindly given him; more 
especially is he indebted to the organizing Secretary of 
iliia Series of Works at Oxford for much valuable assist- 
»Ke throughout the book. 



PREFACE TO THE SECOND EDITION. 

In this edition the Author has noticed those discoveries 
ttinnected with 'Heat' which have taken place since his 
fast edition was published. He has also added to the 
problems at the end of the volume by introducing Sir W. 
Thomson's applications of the dynamical theory of ' Heat ' 
Id the establishment of relations between the physical pro- 
ptriies of bodies. 

He takes the opportunity of acknowledging his obliga- 
tions lo various scientific friends, and more especially to 
the Rev. Professor Price of Oxford, for many siiggesUoTv^ 
while the edition was passing (hrough the Press, 
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PREFACE TO THE THIRD EDITION. 

In this edition the Author has noticed those discoveri 
connected with 'Heat' which have taken place since \ 
second edition was published. He has also added to t 
problems at the end of the volume by introducing, 
addition to those already given, articles on * The Molecul 
Theory of Gases/ ' The Connection between the two Ek 
ticities and the two Specific Heats/ ' The Velocity of Soun 
and * Graphical Representations of Physical Laws/ 
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INTRODUCTION. 



1. The word 'Heat' is used in the following treatise to 
(ienolB that agent which produces a certain well-known 
sensalion when applied to the human body. 

3. But this sensation, while so familiar to us that every 
one must immediately recognise what agent is meant when 
lilt terra Heat is used, is yet not sufficiently definite or 
constant to afford us the means of accurately measiuing 
liw amount of heat which a body possesses. The same 
wbsiance may at the same time appear warm to one indi- 
vida^ and cold to another; nay, it may even be pronounced 
*inn by one of our hands and cold by the other. Our 
jBdgment with regard to the amount of heat possessed by 
the substance in question is thus found to depend upon 
Hie state of our bodies, and as this changes from time to 
lime we cannot make use of our sensations as a means of 
measuring heat. 

3. In the study of this subject it is thus of primary 
'importance to liecome acquainted with eome instrument by 
]lbe aid of which the state of bodies with regard to heat may 
'be accuialely determined. The Thermometer fulfils this 
requiremenl, and a description of it will therefore fonn the 
commencement of this treatise. 
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4. When the Thermometer has been described, the variooi 

' 1 

(•n'l'cis produced in bodies by the presence of heat may not 
with a(lvanlajj:e be studied. Such effects are change rf 
vohunc; of condition ; of hardness; chemical change; wiA 
other t'fTt'cts which will aftenvards be mentioned. 

6. Till" laws which regulate the distribution of heat vifl 
Mj-xi l)c considored, and under this head it will be necessary 
ic) n-co^riiiso two distinct modes of conveyance of this agent 
lidin one body to another. Every one is familiar with the 
r.ui tjjat \hc contact of a cold body with a hot one, wheto 
solid, liciuid, or gaseous, will cause the latter to part with 
sonic of its heat. But this is not the only way by whidi 
h«*at may reach us ; for we derive a very considerable amomt 
IVotn [hv sun, although this luminary is at a great distance 
Ironi the earth, while the intervening space does not contaia 
that gross form of matter which serves to convey heat \fl 
contact. 

Wc are thus taught that a hot body parts with its heat in 
two ways, — 

(i) By coniaci with a cold body; 
(2) By radiation through space. 
And we believe, moreover, that radiant heat traverses 
s|)ace with the enormous velocity of 186,000 miles per 
second. 

e. We have thus the means of making a very convenient 
and easily perceived classification of the modes in which 
Heat exhibits itself to us. 

There is, in the first place, what we may call absorbed 
heat, which resides in a hot body, and often remains in it 
for a considerable time; and we have, in the next placej 
radiant heat, which is heat in the act of passing through 
space with a very great velocity. 

7. In treating of the laws which regulate the distribution 
of heat this distinction may with propriety be observed, and 



if the subject will thus divide itself into two. It 
iirable to consider, in the first place, radiant heat 
^TO nature, and the laws regtilating its distribution; and 
then to consider the laws regulating the distribution of 
absorbed heat, while under this last heading the capacity 
of bodies for heat will be discussed. 

8. In treating of radiant heat theoretical views will for 
"the first time be introduced. It is well known that there 
have been two distinct theories regarding the nature of 
Heat. In one of these it is vieM-ed as a. substance which 
Insinuates itself between the particles of a hot body, while 
the other it is regarded as a species of motion taking 
llace amongst these particles. Such views could not well 
>e introduced at an earlier stage of the work, since the 
more prominent effects of heat upon bodies form a set of 
phsenomena that are capable of being explained tolerably 
Hrell by either hypothesis. They are therefore somewhat 
iDSuitable as tests of a theory, while, on the other hand, 
liey are of extreme importance as facts. But the study of 
fadiant heat enables us to pronounce with a near approach 
n certainty that this influence is not a svtbstance ejected 
Srom a hot body, but a kind of undulatory motion trans- 
id by means of a medium pervading all space. 
It would appear lo follow, as a corollary from this, 
ordinary heat into which radiant heat is transformed 
ifhen absorbed must also be a species of motion, and this 
irlew will be abun^ntly confirmed in the next part of the 
tubject, where the various sources of heat will be treated of, 
Uld the nature of this agent as well as ils connection with 
Other properties of matter fully discussed. 

Lastly, this treatise will contain throughout notices 
of some of the most important practical applications of the 
laws of Heat, and also of certain terrestrial and cosmvii^ 
w/iich ihcse laws play a very impoilaw. v^^- 
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In former Treatises on Heat the term Caloric is frequ 
used ; here it is avoided as much as possible, because i 
come to be associated with that theory which regards 
as a substance and not as a species of motion. 



BOOK I. 



EFFECTS OF HEAT UPON BODIES. 



CHAPTER 1. 
Timperalure, and Us measuremenl liy Tkermomders. 
Definition of Temperature. 
1. The temperature of a body may be defined to be its 
e with respect to sensible heat. When the amount of 
; heat in a body increases, its temperature is said 
: and when this diminishes, its temperature is said 
is expedient to discuss at the outset csrtain 
1 principles which underlie all measurements of 

f there be two substances, as for instance water and 

■, in such a condition that when brought intimately 

ntact with one another and shaken together neither 

if them changes its state with respect to heat, then these 

[ Wo bodies may be said to be in a state of equilibrium of 

I temperature with each other. Suppose now that the mercury 

in a similar state with respect to a third substance, oil. 

e have thus the water in equilibrium of temperature with 

liw mercury and the mercury in equilibrium of temperature 

with the oil. Now we know, as the result of experience, that 

e shal! also have the water in equilibrium of temperature 

with the oil. In fine, if a series of bodies be in equilibrium 

of temperature with each other in any one order they will be 

n any other order; and no matter how ihey aie \itqm^X 
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together or mixed up with one another, they will alwa)rs 
retain unchanged their state with respect to heat. All sudi 
bodies are said to be of the same temperature. 

But if when the water and the mercury are brought 
together the water parts with some of its heat to the 
mercury, then it is said to be of a higher temperature 
than the mercury; and if, on the other hand, the water 
receives heat from the mercury, then it is said to be of a 
lower temperature than the mercury. 

13. It will be inferred from what we have said that if two 
bodies of different temperature be intimately associated with 
one another they will both at length attain one common 
temperature. 

Let us now suppose that we have a large mass of liquid 
whose temperature we wish to measure by means of a 
thermometer. Strictly speaking, when the thermometer and 
the liquid are brought intimately together, an intermedate 
common temperature will be attained, but if the mass of the 
liquid be very much greater than that of the thermometer 
the former will not be appreciably changed in temperature 
by the immersion in it of the latter, and the result will |)e 
that the thermometer will denote with sufficient accura^ the 
temperature of the liquid— only it is necessary that this in- 
strument be very small But if the temperature of the liquid 
be kept constantly recruited by some natural process, as fo 
instance that of boiling, the thermometer will in such a casCi 
whatever be its size, at length attain the temperature of the 
boiling liquid in which it is immersed ; but a small thermo- 
meter will attain this temperature sooner than a large one. 

14. Requirements to be fulfllled by a good ThenM- 
meter. Having stated these facts, let us now point out the 
requirements which an instrument for measuring temperature 
may be expected to fulfil, ist, it ought to be of small size 
and easily portable. 2nd, it ought always to give the same 



indication for the same temperature, Or be capable of doing 
BO by a simple correction, 3rd, it ought to do something 
more than merely denote that one body is hotter or colder 
than another, it ought to measure the difference of tempera- 
ture. For the difference between two temperatures, such 
as the freezing and the twiiing points of water, is one which 
we conceive to be capable of accurate subdivision into any 
number of equal parts, which form as it were successive equal 
steps by which we may mount from the lower 10 the higher 
temperature. This last requirement is the roost difficult one, 
fcr it implies not only a knowledge of the agent Heat, but 
ifco of the changes which it produces upon bodies, since we 
iinust evidently make use of some one of these changes in the 
(onstruclion of our instrument for measuring temperature. 

While a mercurial thermometer may probably be so made 
W » fulfil the first and second of these requirements, it is 
tn wr thermometer which will best satisfy the third ; but the 
nauns which lead us to suppose that this instrument gives 
la [be means of measming temperature with great accuracy 
(annot well be discussed at the outset of this work. These 
^fll be given hereafter : in the meantime, let us take it for 
jmued that an air thermometer does really fulfil this re- 
nent, and refer our readers for a description of this 
'bslniment to our chapter on the dilatation of gases. 

is. But while an air thermometer gives a very correct 
indication of temperature, it is nevertheless an instrument 
ilScdt of construcdon and awkward in use : it ought there- 
lore to be employed rather as a standard of reference, by 
means of which the errors peculiar to some other instrument 
tfwsy construction and simple form may be determined. 

Mebcltual Thermometer. 

le. An instrument of this kind is found in the mer- 

Wrial thermometer, which is constructed upon ihe ptmd^Va 
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th:ii mercury when heated expands veiy much more than 
ghiss. 

In making a mercurial thermometer a tube of glass is 
N<-lc(:t(?(1 which has a capillary bore, and a bulb is blown it 
oik; extremity of it, the other end of the tube being left opes 
to the atmosphere. The bulb is then heated so as to driie 
out some of the air which it contains, and the open end of the 
mix; is inserted into a basin of pure mercury. As the buB) 
begins to cool and the pressure of the air within it diminishes 
|);irt'of this mercury will be driven up the bore into the bulbi 
'i'lie nuircury thus driven into the bulb is then boiled, aad 
the nurrcuriiil vapour drives away any air or moisture thit 
in:iy have adiiercd to the tube. While the instrument is hot 
and full of the vaj)our of mercury its extremity is once more 
])Unige(l into the basin of mercury, by which means, on con- 
densation of the vapour, the bulb and tube will be filled with 
nHT( ury. When the tube is still hot and full of mercniyft 
in iiermetically scaled, and when the instrument has cooW 
the mercury will be found to fill the bulb and part of the 
stem, the other part being empty. If now the bulb of this 
instrument be heated the glass envelope will expand, and 
also the mercury with which it is filled; but the mercury wiD 
expand much more than the glass envelope, and in con- 
scHjucncc the mercurial column will rise in the capillary tob^ 
If the bore be fine enough, a considerable rise may thus be 
])io(luced even when there is only a small expansion of the 
mercury, and by this means a very great amount of delicacy 
may be given to the instrument. 

17. Calibration of the tube. If the instrument is tc 
be as accurate as possible, it is necessary to know lb< 
relative diameter of the bore at different parts of its lengtl 
since this is always variable even in the best tubes. 

To accomplish this the tube is made by the glass-blow€ 
"n such a way that by a simple mechanical contrivance 



amall column of mercury, occupying the length of about 
ird of an inch in the bore, may be detached from the 
ly of the fluid. This column is then made to travel 
he one extremity of the tube to the other, and its 
is measured by a microscope at each short stage of 
It is obvious that this column will be long 
the bore is narrow and short where it is wide, and 
this means we may obtain the relative diameter of 
E in different parts of the tube. The detached 
having served its purpose is now reunited to the 
1' body of the mercury. It will be after"'ards seen 
'(Art. io) in what manner the information thus obtained is 
made use of. 

18. Detenmiiation of the fixed pointB. The freeziiig 
pomt. Our object in constructing a thermometer presup- 
poses the existence of at least two fixed points of temperature. 
The two universally adopted are 
the freezing and the boiling points 
of water. Suppose that a substance 
iiCends from the lower to the upper 
of these temperatures through a 
certain number of equal stages or 
degrees, it is the office of the ther- 
mometer to indicate these. In 
Older to determine the lower fixed 
pointj a bos or vase (Fig. i) is 
pwforated in the bottom with a few 
holes to permit drainage, and placed 
in a room whose temperature is 
above the freezing point of water. 
It is then filled with snow o[ , , , 

pounded ice in a melting state, and 

it has been ascertained that the temperature of this melting 
ice is under ordinary circumstances absoluldy cow^IkW- 




J 
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The thermometer is now placed vertically in this mixtun 
the ice being heaped about the stem, and is so left for 
quarter of an hour, or until the mercury has becom 
tionary. The tube is then marked with a scratch ; 
termination of the raercuria.1 column, and the lowest of t 
two points is thus determined. Presuming that Fahrenhd 
scale is to be employed, this point will denote 32°. 

19. The boiling point. The next process consists 
determining the boiling point of water. This, unlike I 
freezing point, is not strictly constant, for the temperate 
of steam in contact with water depends upon the press) 
under which it exists. 

It had been observed by Gay Lussac that water b( 
imder the same pressure at slightly different temperatu 
in different vessels ; but Rudberg afterwards found that I 
nature of the containing vessel altered only the temp«atiiM 
of the water and not that of the steam. It is therefore 
steam, not water, that a thermometer ought to be plung 
in order to have its upper point determined. Hence a 
if steam escape from an open vessel containing water it 
the air, the temperature of the steam, which depends 
the pressure under which the steam exists, will thereft 
depend upon the atmospheric pressure, since this muM 
the same as that of the steam. The temperature of I 
steam of water boiling in an open vessel will therefore vj 
with the barometer ; but if we know the law of tl 
variation we can make allowance for it in graduating q 
thermometer. 

The Commissioners appointed by the British GovemnM 
to construct standard weights and measures, and the Ki 
Committee of the British Association, have both agreed th 
the upper point of a thermometer graduated accord 
Fabrenbeil's scale, or that hitherto adopted itv this couatg 
jbaJJ be luken to represent at London iJae Xens^esWaWi 1 
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n, at the pressure of 29.905 inches of mercury reduced 
le freezing point*. This is therefore the irue meaning of 

^Fahrenheit, and the lemperalure of steam at other pres- 

ftmay be found from the following; table. 



Temperature of steam at different pressures 
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% are thus furnished with the means of determining the 

t point. Let the instrument be immersed in steam 

from Ixiiling water, mark off as before the termination 

lie mercurial column, reading the liarometer at the same 

Bent. If the pressure of the atmosphere be 29.903 inches, 

point will denote 212°; and for any other pressure the 

Inie value of the mark may be found from the above table. 

In performing this operation it will be found most con- 
wnient to employ Regnault's apparatus (see page iz). The 
srratigement will best be perceived from Fig, 3, which repre- 
Sfmi! the interior of the instrument. 

.4 is a thermometer having its bulb a little above E, the level 
of the boiling water. The course which the steam is forced to 
talte is denoted by the arrow-heads. It is thus seen that the 
team must pass up along the thermometer tube and down 
spin, until finally it leaves the apparatus by the orifice C 
The whole of the tube of the instmtnent is thus thoroughly 
tufrounded by steam, and by a cylinder of the temperature 
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of the steam. /) is a bent glass tube, open to the a 
sphere, and containing a little water, which shews 1 
difference of level in the two limbs if the pressure, J 
the steam in the interior is greater than that of the a 
sphere without. It has been ascertained that, if the o 
is sufficiently wide, this difference is too small to affect d 
temperature of the thermometer, and thus the gauge i)n 
be dispensed with. 




The thermometer is inserted through a closely fitting 'i 
Bin a thick piece of india-rubber which rests upon the I 
f the apparatus, and the stem is lowered until the c 



of mercury just appears above the india-rubber; and thus 
nearly all Che column as well as the bulb is exposed to the 
vapcur of boiling water. This apparatus is generally formed 
of copper, and distilled water should if possible be used. It 
ought also to be noted that in marking off the points the 
lower or freezing point should always be determined first ; 
the reason for this will be hereafter given (p. i6). 
80. Oraduatlon. Fahrenlieit's scale. The relative 
, diameter of ihe bore at different parts of the tube having 
now been determined by calibra.tion (Art. 17), and the two 
fixed points marked, it is easy to graduate the instrument. 
If the scale is to be that of Fahrenheit, the lower point is 
called 32° and the upper point (provided the atmospheric 
pressure be 29.905 inclies) zia°. There are thus 180 divi- 
aons between the two points, and these are marked upon 
the tube in the following manner. The whole instrument is 
covered over with wax sufficiently thin to allow the two 
marks (previously blackened) to be visible, and a needle 
attached to a dividing engine scratches the graduations in 
the wax. The thermometer is then exposed to hydrofluoric 
I acid or its vapour, which attacks the glass where the wax has 
j been scratched off. The length of each degree is regulated 
ibjrtbe previously determined diameter of the bore, in such 
* manner that the internal capacity of the lube between the 
tiro marks is divided into 180 equal parts. The graduation is 
generally extended below the freezing point, and sometimes 
above the boiling point. In this thermometer a temperature 
32° below the freezing point is termed sero, while one ten de- 
grees lower is called minus 10°, or 10° below ziro, and so on. 
31. Other scales. Besides Fahrenheit's scale there are 
two others, those of Celsius and Reaumur. The former of 
these is also called Centigrade, and is used throughout 
France; the latter is in very general use in GetmaTvj. 
lb ibe Centigrade thennometei the freezing pomX ol-^^iet 



14 TEMPERATURE, AND ITS 

is termed o*', or zero^ while the boiling point is reckoned . 
equal to lOO*'. A degree Centigrade is therefore greater 
tluin a degree Fahrenheit in the proportion of nine to five. 
The boiling point in this thermometer, or loo**, is defined 
by Regnault to be the temperature of steam under the 
barometric pressure of 760 millimetres, or 29.922 inches 
of mercury reduced to the freezing point of water at the 
latitutle of Paris. This is slightly different from the cor- < 
responding point, or 212°, in Fahrenheit's scale, which, as j 
wc have scon, denotes the temperature of steam under the : 
pressure of 29.905 inches of mercury reduced to 32° at the 
latitude of London. It must, however, be borne in mind 
tliat the force of gravity, and therefore the absolute pressure 
towards the earth of the same mass of matter, is somewhat 
greater in London than at Paris, so that 29.922 inches <rf 
mercury in Paris are equal in absolute pressure to 29.914 
iiulies at London (see Art 143). This still leaves a slight 
dilTercncc between the absolute pressure of the steam in 
the two cases, and hence the upper points of these two 
instruments will not quite correspond in temperature; hot 
this difference is so very small that for ordinary purposes 
it may be neglected. 

I'o reduce Fahrenheit to Centigrade the following formula 

is made use of, C = (F— 32)-; while to reduce Centigrade 

9C 

to Fahrenheit we have F = 1- 32. 

Thus, were it required to find what degree Centigrade 
corresponds to 77*^ Fahr., we should proceed in the following 
manner. Subtracting 32° from 77° we find that this tempera- 
lure is 45° above the freezing point, or Centigrade zero, an^ 
taking f of 45°, since Centigrade degrees are greater thar 
those of Fahrenheit in this proportion, we find that 25° Cent 
corresponds to 77° Fahr. 
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Again, were it required to find whai degree Centigrade cor- 
■esponds to —^S^.2 Fahrenheit, we should have, as above — 

C.{-38.j-3z)5 or C.-,azx|.-39». 

In the scale of Reaumur the distance between the freezing 
tnd boiling point is divided into 80 parts, and the boiling 
Joint is defined to be the temperature of steam under the 
Sressure of 760 millimetres of mercury, the force of gravity 
jeing that which corresponds to latitude 45°. 

This pressure corresponds as nearly as possible to that 
rf ig.gos inches of mercury reduced to the freezing point 
tt the latitude of London, and hence the boiling points of 
Pahrenheit and Reaumur represent the same temperaiure. 
' To reduce Fahrenheit to Reaumur we have therefore 

fte following expression, R = (F — 32)-; while to reduce 

h 9R 

Keaumur to Fahrenheit we have F= |-3z- It will 

todily appear that the Centigrade scale is much more con- 
venient than either of the other two ; we shall therefore 
employ it in the various calculations of this treatise. 

Sa. Correction for ohonge of zero. It is found that 
ihctinometers are liable to an alteration of their zero points, 
specially when the bulb has been filled not long before 
[raduition. This displacement is of the following nature. 
Immediately after graduation o°C will of course denote the 
emperature of melting ice ; but when some tinne has elapsed 
tthennometer placed in melting ice will no longer give this 
Siding, but one somewhat higher, perhaps 0.2 or 0.3. 

When an instrument has been graduated shortly after the 
llling of the bulb, this displacement may in the course of 
ears amount to about I'^C, but il is believed that this is 
le extreme limit of the change. Bui if the bulb l^a bten 
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kept for some time before graduation, and has also been wdl 
annealed, the change is much less: nevertheless it maj 
possibly amount in the course of years to three or four tenlhi 
of a degree Centigrade. Besides this progressive and per- 
manent change there is also a temporary one, produced by 
heating and suddenly cooling the instrument. For instance^ 
if a thermometer have first of all its freezing point determined 
by melting ice, if it then be plunged into boiling water, theft 
suddenly withdrawn, and finally plunged again into ice,dK 
freezing point will be found to have changed — the instnimeflt 
may now read — o.i, and it will not recover its true reading 
until ten days or a fortnight have elapsed This is the 
reason why the freezing point is always marked off first in 
constructing the instrument. 

To correct for change of zero the thermometer ought to 
be plunged from time to time into melting ice, and its read- 
ing noted. The amount of alteration thus becomes kno^ 
and the requisite correction may be applied, which is A 
course constant throughout the scale. 

23. Other soiirces of error. If a thermometer have 
its fixed points determined in a vertical position it mu8t 
always be used in this position: in like manner, if these 
points are determined in a horizontal position of the instm- 
ment, then it must always be used horizontally. The reason 
of this is, that for the same temperature the same instrument 
will give a higher reading in a horizontal than in a vertical 
position, since in the latter the hydrostatic pressure of the 
column of mercury will tend not only to compress the 
particles of mercury into less volume, but also to enlarge 
the capacity of the bulb. 

For a similar reason the reading of an unprotected ther- 
mometer in vacuo will be different from its reading in air. 

24. Again, when the volume of mercury in the stem of a 
thermometer is exposed to a temperature different from that 
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Df Jie bulb, a correction must likewise be made on this 
iccounL 

For instance, if the bulb and the column of mercury up 
to freezing *potnt mark bare t!ie temperature of boiling 
hile the remainder of the column is exposed to the 
Mmosphere, which we may imagine to be at o°C, then the 
will not indicate ioo°C. Il would have done so 
btd the whole of the mercury been heated up to the boiling 
pnnt, but this is not the case, for nearly 100 degrees, or 
fte distance between the freezing-point mark and the es- 
tamily of the column, is exposed to the atmosphere, and 
ay be taken to have the same temperature as it has. 
In order to find the correction which we ought to apply, 
let us denote by unity the whole volume of the mercury 
all at the temperature 0° : unity will therefore 
tko denote the internal capacity at this temperature of the 
^aas envelope up to freezing-point mark. Now it will be 
afterwards shewn (Art. 52) that this mercury when raised to 
"will have the volume 1.0182 nearly, and also (Art. 40) 
may perhaps suppose that the interna) capacity of the 
{^iss Up to freezing-point mark will have, when raised to 
ihe volume 1.0026: this however depends upon the 
nature of the glass. Hence a volume of mercury equal to 
l.oi8a — i.ooa6, or .0156, will exist in the tube alxive the 
(reezing-point mark provided that the whoU column of 
(Uttcury be lieated up to 100°; and it will under these 
HTcinnstances occupy 100 degrees of the bore. The ques- 
da to be answered is, how many degrees of the bore will 
4is portion of mercury occupy when both it and the tube 
containing it are at 0° ? Evidently the absolute voliune of this 

pOTllon of mercury at o" will be .0156 x — - .01532. 

Hence if we imagine the bore of the tube to pieseiNe -i. 
asuaai voiume for all remperatures, the rise may easWy \ie 
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(omul. For if the volume .0156 occupy 100 diviskms, dv 

volninc .oif,32 will occupy 100 x^ — ^-r or 98.2 divisiont 

lint thr horc of the tul)o in which this rise takes place doci 
not |)r('Mri'vr :i constant volume throughout, but, being on^f 
.11 o". is KMlly of smaller capacity than it was at 100^, i 
thr i()tio of I to 1.0026: the rise of 98^2 will tberefixc 
\u\\r to 1)0 iniToasoil in this proportion, and will beanne 
ijH .-i;; 01 {\\c nuTvury will indicate this as the boiling pdit 
i»l w.itfr: II rorroction of + 1°.55 must therefore be applied 
li thr thonnonu'lor be a Fahrenheit one the correctionirl 

This ox;uuph» will convey to the reader sufficiendy wi 
thr nirtliod to \k omployod in finding this correction, btf 
It oiif.ht to 1)0 borno in mind that it is much better ^to ! 
|ii;i(ii(;\I>lo to iivoiil tho necessity for it, by exposing die 
NvhnK* oohniui of inoroury as well as the bulb to the influence 
ol tho toniporaturc which we wish to estimate. 

aft. Lastly, cvtMi when a mercurial thennometer has becB 
tonsinioiod with tho greatest accuracy after the method 
in(lio;il(*(l in the preceding articles, so that the freezing point 
is donoiod by o" and the boiling point by 100°, while each 
dogroo donotos precisely the looth part of the capacity of 
tlu* boro botwoon these two points, it does not follow that 
tlio instrument will give an intermediate temperature vi4 
ubs<iUite exactness. 

VoTy in the first place, it does not follow that the expansioi^ 
in vohunc of the mercury above that of the glass envelope 
lip to freezing-point mark for a true rise of 50° must be 
precisely half of its expansion for a true rise of 100°. 

In the next place, it ought to be borne in mind that the 
rise of 50° takes place in a bore of which the temperature i» 
only 50°, and of which therefore the capacity is smaller than 



Iirben the temperature is loo^, in tlie proportion of i.oora 
;o i.ooz6. 

■ Both of these circuin stances will introduce errors, and 
Ugnault has found that when the graduation is extended 
1 above ioo°, the difference between the mercurial and 
mdard air thermometer becomes very considerable at 
naperatures, and also varies with the nature of the 
But between o° and lOo", and for a range extending 
I far beyond these points, a mercurial thermometer 
iduated may be considered to be a tolerably good 
I strictly accurate instrument. Since the best 
Eneters made in this country are all formed of the 
KtJnd of glass, it would be desirable that a few of 
ihould be compared with an air thermometer at tem- 
s between o° and loo". 

Other Thermometers. 

I Alcohol Thermometer. It is well known that 

! freezes at about — 39^'C, while it boils at about 

A mercurial thermometer cannot therefore be used 

^'e former point or above the latter. But while the 

: limit of its accurate employment is considerably 

ftie higher temperature, its indications may probably 

i upon very nearly to the point at which the mercury 

It is, however, often desirable to register still lower 

ptures, and in order to do so a thermometer filled 

lolute alcohol is employed. Such an instnunent is not 

It of being constructed with the same amount of exact- 

F a mercurial thermometer ; but yet if it be carefully 

Bid used with caution, very good results may be ob- 

An alcohol thermometer ought before graduation 

arked off at o'^C, and at some higher temperature by 

ulson with a mercurial standard thermometer. The 

I point of mercury ought also, if possible, Xo be maAft 

- C3 
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use of as a fixed point; and it has been ascertsuned that 
this, like the freezing point of water, is of constant tern- 
perature, its true value, on the Centigrade scale, being 
— 3H".8. An alcohol thermometer may be used for very low 
toinpcnitures, since this fluid has not yet been frozen. i 

Wiien a very accurate determination is desired, this ther- 
niomoti^r slunikl be kept in a vertical position, bulb down- 
wards, for some time before it is read. 

Tho reason of this is that alcohol, unlike mercury, weti 
I he capillary glass tube which contains it, and is also verf 
volatile: great care ought therefore to be taken that there 
is lu) liquid above the main column, whether condensed or 
adhering to the sides of the tube. 

27. Maximum and Minimum Thermometers. Mazir 
mum. It is often of importance to know not merely the 
|)resent temperature, but likewise the highest or lowest point 
to which an instrument has been exposed. Meteorologists, 
for instance, should be able to register every evening and 
morning the highest and lowest temperatures of the atmo- 
sphere. This, when not accomplished by a continuous pho- 
tographic registration of temperature, is done by naaximum 
and minimum thermometers. 

In Rutherford's maximum thermometer the stem is placed 
in a horizontal position, and the bore contains a small index 
made of iron or graphite, which the mercury pushes before it 
when it expands through increase of temperature ; but when 
it retreats this index is left behind, since there is no cohesion 
between it and the mercury. In Professor Phillips' maximum 
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thermometer this index is part of the mercurial column itselt 
lich, as in Fig. 4, is separated from the main body of the 
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[fluid by a litlle air. When the mercury expands, the elaslic 
e of the air pushes the index on before it ; but this is kept 
1 position when the merctuy again contracts. By this 
ment there is no risk of the index soiling the mercury 
ximing entangled with it. It has also been found that 
^tfae bore is sufficiently narrow the instrument may be 
i. vertical position, bulb downwards, and it is thus 
fence in chemical operations. Both of these masimum 
when read must be reset by shaking the index 
^towards the mercurial column as far as it will go. 

ti and Zambra's masimum thermometer is exhibited 
When used the stem of this instrument ought to 
led downwards. The bore is nearly choked at A by 
it of enamel or glass. When the mercury ex- 
Lit does so with sufficient force to push its way past this 
; but when it contracts, that part of the column 
e obstruclion is kept there, and the contraction takes 




Fig- 5- 

[^ by the mercury to the left of A withdrawing into the 

buih. It does not matter if the column past the obstruction 

I down to the bottom of the tube, for when the instrument 

read it is gently tilted up until this detached column flows 

back to the obstruction, where it is arrested, and the end of 

I the column will then denote the maximum temperature. In 

I resetling the instrument it is necessary to shake the de\ac\ie,i 
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11 TEJiPI3L£TUSXi AXD ITS 

-cihurvQ J, ax lie cibsrmcricm, in order to fifl op tbe vacancy 
jt-n :7 lilt cMinmcDOL cc litt fixod after die maximum had 

2S. IfTTiiTmniL In R-uftufiiord^s mnumam thermometet 
zjcobi'' if natL znd i, smal xrlas? index is immersed in tbe 
cc-jurin cc this rai. Wbexi ihc insmmient has been set this 
inirx :> 2Z iTje leTrrinsincxi c»f i3>e cohmm which is kept in 
fi rj'riz:r.LLl 7»c»5::3orL Now sijoold ibe temperature rise and 
eipi2r«d, ii wiL fiow past the index ; but should 
rc-: coTiVrici. i: carries ihe index with it, for the fluid 
coe^ r.o: rriiLT T»erni:: c^f izs concave capillary surface being 
'Drr/Kf:T,. The nLiniirjiim lemperaiuie is thus registered. 

In order to overcame iht objection attached to the use of 
a' echo]- L. Caseila has laieiy proposed a mercurial minimum 
ihrrTnonr.e:er. The principle of this instrument will be 
understood from Fig. 6. lis peculiarity consists in a side 
chamber, AB. the bore of which at A becomes smaller veiy 
abruptly, and afterwards swells into a pear-shaped termination. 

But even after it has 
^ been abruptly nar- 

rowed this bore is 
still much wider than 
that of the main 
tube CD. Whet 
Fig. 6. the instrument i! 

set, the mercury fill 
the side chamber as far as the abrupt termination A, but th' 
pear-shaped vessel is left empty. Suppose now the tem 
perature to rise — instead of the column in the main tub 
moving, the rise will take place by the mercury at j 
flowing into the pear-shaped vessel : the reason of thi 
prc)l)ably being that the bore is here wider than that of th 
main tube, and there is consequently less resistance to th 
movement of the fluid. Suppose, next, that the temperatui 




ftjls— the fluid in the pear-shaped vessel will first contract, 
but when the mercury has reached A, or the point at which 
the instrument was originally set, the effect produced by the 
flat surface at A wiU prevent the mercury receding farlher, 
and the contraction will now take place in the main lube. 
Thus any faU below the temperature of setting takes place 
in the main tube, while any rise takes place in the side 
chamber; and hence the instrument serves as a minimum 
thermometer. 

S8. Leslie's differential Thermometer, Sh John 
Leslie has constructed an instrument for shewing the dif- 
ference in temperature between two neighbouring substances 
a places, and which is hence called the differential ther- 
mometer. In this instrument two bulbs, A and B, filled 
with air are connected together by 
means of a bent tube, as in Fig. 7 : 
& Ktlle coloured liquid fills the lower 
part of this tube, and rises to the 
levels C and Z> when both bulbs are 
of the same temperature. But should 
A become warmer than £, since air 
expands very much for an increase 
of temperature, the column of liquid 
will be pushed down at C and made 
10 rise at £>; and this motion will be 
reversed when B becomes warmer 
than A. Such an instrument will 
therefore indicate any difference of 
temperature with great delicacy. The iluid in the tube 
ought to be one which is not volatile^sulphuric acid is 
frequently used. We shall find afterwards (Art. i6g) that 
ihe thermo-pile registers any difference of temperature with 
still greater delicacy than this msfriiment. 
SO. xiaotuatdon tbermometer. The am\\ot ot xVia 
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work has proposed an instrument for summing up 
ations of temperature. If a bulb be blown connecl 
together two horizontal glass tubes of different bores, 
if this instrument be nearlj' filled with mercury, it will 
found that this fluid will expand in the tube of wide 
when the temperature rises, and contract in the other 
it falls. Thus the mercury will gradually travel toward 
extremity of the tube of wide bore, and its position 
lime to time will indicate the amount of fluctuation ' 
the temperature undergoes. This instrument is howt 
difficult of construction. 

31. Otbor InstrunaentB for measuring temperat 
Wedgwood's pyrometer is an instrument for measuring hij 
temperatures, and its action depends on the contractit 
which takes place in baked clay when heated. 

Dr. C. W. Siemens has lately proposed a serviceable pyro- 
meter consisting of a coil of fine platinum wire contained in 
a cylindrical case. This fine wire forms part of an electric 
circuit, the intensity of the current thereof being measured 
by a galvanometer or other appropriate instrument. If this 
pyrometer be thrust into a furnace the healed coil will in- 
crease in electrical resistance, and hence the intensity of the 
current will be diminished. The indications of the galvano- 
meter or other instrument which measures the intensiiy 
of the current will thus afford a measure of the increase of 
resistance of the coil, and this in its turn will indicate the 
temperature of the furnace. 

Again in measuring the temperatures of oceanic depths 
where the pressure is very great an ordinary thermometer 
would be rendered useless or perhaps broken. In this case 
the following plan has been adopted. The bulb of the ther- 
mometer is enclosed in another stout glass bulb the space 
beltveen ihem being nearly hut not quite filled with mercury. 
Ji will be apparent that the pressure qI feftNiMa^ ■fl'&'TO.-ita 
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; only affect the outer bulb, and if this be sufficiently 

[ to remain whole no pressure will be communicated 

r bulb which is the true bulb of tlie thermometer. 

1 therefore give a correct indication provided the in- 

t be left long enough in its position to enable the 

I to att^n the temperature of the suiroundmg 




metallic thermometer is another 
I may be used in measuring temperamre, but : 
|6n of it must be deferred to a future occasion, 



CHAPTER 11. 

Dilatation of Solids. 



33. In the present chapter the relation between the tem- 
perature and the volume of a solid will be investigated. 

It is a general, though not a universal law, that when such 
1 body increases in temperature it also expands in volume, 
or dilates, and that when it diminishes in temperature its 
TOlume contracts, so that when restored to its original tem- 
peiature it resumes its original volume. 

The subjoined apparatus {Fig. 8) is used to illustrate the 
wpansion of solids through heat. A rod A is fixed at one 
end by a screw B, while the other end j^esses against (he 
^ort arm of a lever, whose long arm P forms a pointer. 
This pointer exhibits by its movement along a graduated 
scale any change of length in the rod — thus, were the rod 
to expand, the pointer would be pushed upwards ; and were 
ilto contract, the pointer would fall downwards. Any small 
change in the length of the rod is by this means rendered 
visible. 
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liui ilic way in which a solid expands is different ■■ 

ii)> as the substance is crystalline in its structure orfBi 
lious, and hence the subject naturally divides itself into t 




Fig. 8. 

li;\rls. In the first of these the expansion of uncrystalliztd 
sniiils will Ijt' considLTed, while in the second the behaviour 
of trj'Hlals under change of temperature will be shortly fc 
scrihfd. 

Dit.ATATioN OF Ukcrystaijjzed Solids. 
33. In some cases it is the increment of the volume of 
liiidy lliat we wish to estimate, while in others, as for inslanMl 
wlicn we arc considering a substance, such as a bar, rfj 
wliidi llie lenglli is the important element, it is change of' 
length with which we concern ourselves. The former of 
these is called cubical and the latter linear dilatation or ei- 
pansion. We shall commence with linear expansion: hot 
let us first define what is meant by " the coefficient of ex- 
pansion," whether linear or cubical. The coefBcient of expan- 
sion of a substance is the expansion for one degree of tem- 
perature of that quantity of the substance whose length 
or volume (as the case may be) was unity at a certiun 
standard temperature, as for instance at the temperature of 
mchino: ice. 
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Thus if the length of a brass bar be unity at 32" Fahr,, 
B33' '1 ^"l' be i.ooooi : hence .00001 is the Unear coefficient 
olespansion of brass for iTahr. 

34. litaear dilartation. I>avoisier'B method. Several 
meihods of fioding the linear dilatation of sohds have been 
proposed. In one of these, nanielj- that adopted by Lavoi- 
sier and Laplace, a telescope is placed upon a horizontal 
Mis between two piUars. as in Fig. 9. This asis carries a 
cross piece AS 
rigidly attached 
to ir, and a bar 
(nol shewn in 
: Ihe figure) fixed 
Ut one end is 
; forced to ex- 
jpand by means 
lof heat, and to 
fprees against the 

[cross piece in the direction denoted by the arrow-head. 
iXhis pressure will move the cross piece and turn round 
tiie axis of the telescope to which the cross piece is rigidly 
.attached, so that the telescope will now point to a different 
■object Suppose that the object to which it is pointing 
!is a vertical scale of inches a considerable distance off. If 
'jt horizontal wire be placed i* the telescope so as to appear 
in ihe centre of its field of view, this will seem to have 
'travdled over a great distance on the vertical scale for a 
very small expansion of the bar. It will be seen that tliis 
apparatus is similar to that of Fig. 8, the telescope and 
vertical scale of inches performing the part of the pointer 
and graduated quadrant. 

36. namsden'a method. In the apparatus of Roy and 
JUmsden there are three troughs, the first and l\\e \v& tou- 
Waiiigiron bars, wbile the middle one conUms \.\\e \».t qI 
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which the dilatation is to be measured. To itie twi 
ilies of the iron bar contained in the first trough there aw 
fixed the eye-pieces of two small telescopes, the object-glassM 
of which are fixed to the corresixinding extremities of the bar 




^Hin the middle trough. These telescopes are directed towards 
two marks attached to the extremities of the iron bar 
the farther trough. The first and third troughs are k^ 
filled with melting ice, so that the iron bars in these 
always of the same temperature. (These bars 
manently fixed at one end and moveable through a 
at the other.) Hence the points of attachment of the 
pieces of the two small telescopes to the first bar may 
regarded as rigidly fixed, as well as the points of attai 
ment of the two marks, which are fastened to the extremidij 
of the iron bar in the third trough, inasmuch as there is 
ispansion or contraction of these two bars through chan| 
f temperature. On the other hand, tlie bar in the midc^ 
^[h is first of all placed in ice, and afterwards in wbK 
Vvhicb the temperature is varied by means of lamp%.i 



ese 9 
may 9 



DILATATION OF SOLIDS. 29 

»rder ihat the dilatation of this bar may be measured. This 
niddie trough rests upon rollers, and by means of a screw 
Wached to the table (not shewn in ihe figure) the left-hand 
tnd of the bar is always kept in the same position, so that 
be object-glass of the left-hand telescope which is attached 
© the middle bar may be regarded as fixed. But the right- 
land estremity of the middle bar, and consequently the 
jbj'ect-glass attached to it, is moveable, and will move 
owards the right when an expansion takes place. At the 
eft side therefore the eye-piece, object-glass, and mark are 
\teA, while at the right side the eye-piece and mark are 
ixed but the object-glass is moveable. Now the right-hand 
;ye-piece has in its field of view a vertical thread, which at 
the beginning of the experiment, when all the three troughs 
ire filled with melting ice, may be supposed to coincide 
precisdy in position with the right-hand mark. But when 
the object-glass of this telescope has been moved owing to 
(he expansion of the middle bar, this thread will no longer 
[coincide with the mark ; nevertheless it may be made to 
^ so by means of a screw attached to the eye-piece and 
|»hich moves the thread. It is thus apparent that the 
number of turns and fractional parts of a turn of this screw 
necessary to bring back the thread to coincidence with the 
nark affords the means of calculating the expansion of the 
Bttddle bar, which may thus be determined with very great 
(recision. 

36. Pooillet'B and Darnell's methodiB. In the last 
Biethod, as well as in that previously described, the bar of 
"hieh the dilatation is to be measured is immersed in a 
liquid, and therefore cannot be heated to a very great 
nienL If we wish to measure the dilatation of a substance 
U a high temperature we must use some other method, 
fouillet has devised an instrument by which the amount of 
iSlatalion may be measured at a disiance, while DanieW Via 
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effected the same object in the following manner. TV' 
bar of which the expansion is to be 

!J^L sured is inserted into A, a black-lead 

cBJjBrj and pushed to the bottom; above it 
U { ! 'i placed an index £, which is pushed doi 
I I I ■ into contact with the bar. am 
f r~| somewhat tight by means of a collar CD. 

II. When the bar expands through heat 

[AJ index is pushed up, but is left in its pli 

I I when the sime bar again contracts. 

1 by an arrangement similar to that of 

I 1 1 maximum thermometer the expansion 

III ihe bar may be determined. It may 

I I easily shewn that in this apparatus 

F I i index S (neglecting its contrac 

I i it is small) will remain pushed out bi 

f Mi quantity which represents the differei 

[ ill between the expansion of the 

of the tube containing it. For supi 
that at the highest temperature reached 
bar and the index B are in contact together. As tba' 
temperature falls the bar will contract, leaving a vacmt 
space between the bar and the index ; but, on the other 
hand, the wliole tube as it contracts will tend to diminish 
this vacant space, and to push the bar and the index nearer 
together. The vacant space will thus be the difTerence 
between the expansion of the tube and that of the bar, 
and indeed it is evident that if the bar be composed of the 
same material as the tube there will be no vacant space. 
In using Daniell's instrument it is therefore necessary 10 
obtain independently the expansion of the tube. 

37. The following table will exhibit the results obtained 
ly these various instruments, and it is instructive to DOtiot. 
^tomeUmes the coincidence between the de:VeTOa»a&!»ta 
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fferent observers, and sometimes the difference between 
lOSe of the same observer when opcraiing upon different 
)eciiiiens of the same substance. 

Talk 0/ linear dilalalions 0/ solids. 

Length it IDQ''C 
Nime of substance. rod whose kugl 

ibu (tnt>e whhout lead) 1.000876 



. (English Rim) 

, [French with lead) . 

« (Wbe). . 

' „ (uiid rod) 



II (Eaglish plate in . 

tod S feet long) 
. (English plate in > 

trough of 5 feet) 
Inn, (oft (rorgcd) . 
, » (drawn) . 
. wrought ■ • 

brit (nalcmpeied) . 

, (tempered yellos 
„ rod 5 feet . 
lul iron {priim length 
5 feet) . 



rin (But laaiei) . 
„fF.ln,0Mh) . 



00.716 
001867 
nolSgo 
=01855 



Koy and Ramidea. 
Dulong and Petil. 
Mallhies 



■ a.id Lapbci 



Dadel 



■\sa and Laplace. 

Dulong and Petit. 

Barda. 

Lavoiiiei and Laplace, 

Ro/and Ramsden. 

Daiiitli. 

nilex and Laplace. 

iell. 

lisiei and Laplace. 



* Obtained from the cubical iliJatalion of these so\ids (^^e M\. \v^ 1 
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Name of substance. 



Silver (fine) 

„ (standard of Paris) . 

„ ••••••• 

Gold (de depart) . . . 

„ (standard of Paris), 
not annealed) . . 

„ (standard of Paris, 
annealed) . . . 

»i ••*•••• 
Platinum 

„ ••••••• 

Zinc 



Length at ioo°Cofa 

rod whose length at 

o°C = 1.000000. 



1.001910 
ix}0i909 
1.001951 
1. 00 1 466 

1. 001 55 3 

1.001514 
1. 001 230 
1.000884* 
1.000857 
1.002976 



Name of observer. 



Lavoisier and Laplace. 



«« 



Daniell. 

Lavoisier and L^^Iace. 



»» 



Danieil. 

Duiong and Petit. 

Borda. 

Danieil. 



38. Remarks on the preceding table. . If we supposi 
that by means of the methods already described a grei: 
amount of accuracy of measurement may be obtained, ye 
there is an uncertainty regarding the real temperature 6 
the experimental bar, and this becomes very great fa 
temperatures above the boiling point of water. In sod 
cases, where a bath is used, it is not only very diffidi 
to keep this at a constant temperature, but it is also vcr 
difficult to estimate accurately the temperature by mean 
of a thermometer. This uncertainty with regard to esd 
mation applies still more strongly to higher temperatures 
But for the range between freezing and boiling water, whid 
is that of the above table, it may perhaps be assumed tha 
the determinations are fairly correct. Whence then aris 
the differences between the results of different observers, an 
even between those of the same observer when estimadn 
the dilatation of different specimens of the same substance 
These are probably due to two causes. In the first plaa 
substances which bear the same name are not alwajrs ( 
T)recisely the same chemical composition. Of these, glaJ 



'Obtained from the cubical dilatation of these solids (tee Art. 41.) 
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may be mentioned as a prominent example, and accord- 
ingly we find the dilatation of this substance ranging in 
the table from .000918 to .000729. Brass, cast iron, and 
steel are likewise compounds of which the composition is 
variable. But besides this, the commercial varieties of those 
substances which when pure are elementary, such as iron, 
lead, silver, gold, &c, often contain a very appreciable amount 
of impurity, so that the composition of different specimens 
is by no means uniform. In the second place, it ought to 
be observed that two solids may have precisely the same 
chemical composition, while yet their molecular condition 
may be different, owing to a difference in the treatment 
which they have experienced. Thus steel heated and 
suddenly cooled is a very different substance from steel 
which has not been treated in this manner; and accord- 
ingly we find that while steel tempered yellow has for its 
expansion .001240, untempered steel has .001080. Glass 
also will behave in a different manner according as it is 
annealed or unannealed, and in certain cases it is almost 
impossible to obtain two bars, although made of precisely 
the same material, which shall in all their properties be 
precisely alike. 

39. Cubical dilatation of solids. To determine the 
cubical dilatation of a solid we may either, first, weigh the 
substance at different temperatures in a liquid of which 
the absolute dilatation is known, or we may, secondly, 
enclose it in a glass vessel the remainder of which is filled 
with mercury or water; and if the absolute dilatation of 
either of these liquids is known, that of the glass envelope 
and of the enclosed solid may be easily determined. To 
illustrate this second method let us in the meantime regard 
the dilatation of mercury as known, and suppose that the 
following expeiiment has been made. 
A glass bottle thoroughly cleansed, so as to aAm\\. o^\>€m'^ 

D 
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well filled with mercury without air specks, is found to 
at o°C 10169.3 grains of this fluid, while at ioo°C 
only holds 1 001 1.4 grains. Now it is known from Regnai 
experiments (see Art. 52) that the dilatation of mer( 
between 0° and 100° = .018153, that is to say, a qi 
of this fluid occupying a volume equal to unity at 0° 
at 100° occupy a volume = 1.018 153. Hence the weij 
of mercury occupying a given volume at 100° will bear 
that occupying the same volume at 0° the proportion 
I : 1,0 iB 1 53, and hence (had the bottle not dilated) 
weight of mercury filling it at 100° would have bed 

^^— =99.87.9 grains- But the glass envelope havin( 

expanded, the bottle holds 10011.4 grains, or 23.5 grain 

more than it woiald have held had there been no expansioi 

The volume of the expanded bottle will therefore bear t 

that of the same bottle at 0° the ratio of 1 001 1.4 to 9987.( 

or of 1.00235 to I ; and hence /4<? expansion of this hoii 

between 0° and 100° will be .00235. 

Let us now suppose that this bottle contains a piece ( 

iron weighing 2000 grains, and that the remainder of it 

filled with 6707.8 grains of mercury at 0°, while at 100° tl 

mercury filling it only weighs 65994 grains. There is thi 

the loss of 108.4 grains of mercury between the two temper 

tures. Had there been no expansion either of the bottle ( 

of the iron the amount of mercury suflScient to fill the bott 

67^7.8 

at 100 C would have been = 6588.2 grains, ai 

1.018153 "^ ^ 

there would thus have been the loss of 11 9.6 grains of tl 

fluid. But we have already seen that the expansion of tl 

bottle enables it to contain 23.5 additional -grains of mercui 

and hence, had the bottle expanded but not the iron, the lo 

would only have been 119.6— 23.5 = 96.1 grains. Tl 

diff'erence between this and the actual loss (108.4 grain 
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iknnst therefore have been caused by the expansion of the 
iron, and this must be such that a piece weighing 2000 
ins will expand between 0° and loo^C, so as to 
py an additional volume equal to that occupied by 12.3 
of mercury at 100°. If we assume that the specific 
vities of mercury and of iron at 100° are 13.2 and 7.8, 
shall find that this additional volume is that occupied by 
1^.26 grains of iron. Hence of the whole 2000 grains of 
iron at 100°, 7.26 grains are occupying an additional volume, 
wbile the remaining 1992.74 occupy the same volume as 
Ihat originally occupied by the 2000 grains at 0°. Hence also 

I — '—— - .00364 denotes, according .to this experiment, 

ike cubical dilatation of iron between o^ ^nd ioo°C. 

40. This example is sufficient to give an idea of the 
process employed, which may be used for such substances 
as do not act chemically upon mercwry, and even for those 
metals which do so, provided that they are protected by a 
thin film of their oxide. • 

The following table exhibits the cubical dilatations ob- 
tained after this method by different observers; of these 
AIM. Dulong and Betit, and also M. Regnault, employed 
mercury as their fluid, while^ on the other hand, Kopp made 
use of a flask filled with water. 

Table 0/ cubical dilatations 0/ solids. 

Mean coefficient Mean coefficient 



Substaace. 



Glass 

„ (ordinary).. 

„ (crystal) .. 
Copper 

n •• 

hOQ .. .. • 

lad 

& 



of expansion for 

l°C between o°C 

and ioo°C. 



.00002584 
.00002761 
.0000228 
.00005155 
.000051 
.00003546 
.ooooSg 

.oooo6g 

.ooooSg 



of expansion for 

l^C between o°C 

and 300°C. 

.00003039 
.00003056 
.0000233 
.00005650 



Observer. 



.00004405 



Dulong and Petit 
Regnault 

»» 
Dulong and Petit 
Kopp 
D\i\ou^ a\\^ Yt\A\ 



•n f% 
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Dr. Matthiessen has lately made a great number ( 
valuable experiments on the cubical dilatation of meti 
alloys by means of weighing them in water at differei 
peratures. 

The metals employed for these experiments we 
purified and cast in a well-smoked mould which gj 
casting the shape of a double wedge. Owing to the 
of the water on some of the metals and alloys the < 
had in some cases to be varnished or gilded, but 
proved that this had no influence on the results o' 
The apparatus and method of observation are descr 
Art. 54 of this volume. 

By these means Dr. Matthiessen has obtained the fc 
results. 

Table of cubical dilatalion of metals. 

•^ f 4. 1 Mean coefBcient of expansion for 

Wame ot metal. ^o^ between o°C and ioo°C. 

Cadmium .00009478 

Zinc .00008928 

Lead .00008399 

Tin..., .00006889 

Silver .00005831 

Copper .00004998 

Gold .0000441 1 

Bismuth .00003948 

Palladium .... .00003312 

Antimony .... .00003167 

Platinum .00002658 

For alloys Matthiessen has obtained the foUowir 
The cubical or linear coefficients of expansion by hea 
alloy between 0° and ioo°C are approximately equal 
mean cubical or linear coefficients of expansion by hea 
component metals. 

He argues from this that the determinations of 
pansion by heat of alloys give in general no in< 
as to their chemical nature, and that they differ 
respect from determinations of the electric conduct 
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hy which he has foTind that we may gain an insight 
beir chemical nature, the observed conductivity being 
greatly less than the nature of the components would 
s to expect. 

ler substances besides those mentioned in the above 
lave engaged the attention of observers. M. Bninner 
las made experiments on the cubical dilatation of ice. 
lelhod consisted in determining the specific gravity of 
ibstance at different temperatures. From these experi- 

he concludes that, while at o^C ice has a density of 
3o, at — ig^C its density has increased to 0.92013. 
jvould give a cubical dictation for 1*^0 of .000122. 

Bemarks on the above tables. Relation of cu- 

to linear expansion. In comparing this last table 
he preceding one of linear expansion we obtain the 
ing result. 

Comparison of linear and cubical expansions. 



^1716 



.ooigsg 





Mean cubical 




Observers. 


bL-lweeii 0"' 


Observers. 


LavoUier and I 




f Didong and 


\ Laplace, Roy, \ 


.00 J 54 


Jp.tir, 


and Ramsden. J 




1 Regiiaull. 


r Lavoisier and 




r Duloii? and 


Lapiace, \ 


.005127 


Jp.!!.. 


Daniel. 




[Kopp. 


fLaviisitt a.id"j 






Laplace. \ 
LDaniell, 
Lavoiiier and 


.oo8y 


Kopp. 






\ Laplace, \ 


.0065 




Daiiicll. J 






Diniell. 


.ODS9 




JLapLce.""''} 
[ Ilotda. J 


.00., 5 +6 


lP..i.. 



im this it will be seen that the cubical expansion is in 
case equal to about three times the Uneat ex^iusio^ 
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of the same substance. The reason of this relationship be- 
tween the two follows at once from the fact that when an 
uncrvstallized solid expands it does so in such a manner that 
h't fi^re at one temperature is similar to that at another. 
Universal experience demonstrates the truth of this state-* 
rnent; and it can be veir easily shewn that assuming it 
to be correct the cubical dilatation of a substance will then 
l>e as neariy as possible three times as great as its linear 
dilatation. 

P'or let a represent the coefficient of tinear expansion, and 
a that of cubical expansion of the same substance for a rise 
of I C above o*^; also let L and F represent the lengdi 
and volume of the substance at o**. Then L (i +a) and F 
( 1 1- f/) are its length and volume at 1°. But since sinri- 
larity of figure is preserved, we shall have by a well-known 
proposition in geometry, 

V: r(i+aO::Z':Z'(H-a)»; 
I : I +a' : : I : (i 4-0)'; 

.'. I+a'=(i+a)«= i + 3a + 3a^ + o'. 

Now since a is a very small fraction we may dispense with 
th': last two terms of the right-hand member of this equation, 
and licnce i +a' = i -f 3a, or a = 3a nearly; that is to say, 
the cubical is equal to three times the linear dilatation. 

42. Increase of the coefQ.eient of expansion with 
the temperature. It will be seen by comparing the mean 
cocffKient of expansion between 0° and ioo°C with that 
between o' and 30o''C, that the latter is greater than the 
former for each of the substances given in the above table; 
It would appear, however, that in the case of hardened 
^to(;l ihc coefficient of expansion diminishes as the tempera- 
ture increases ; but this is probably due to the fact that heat 
deprives the steel of part oi *\\.s V^m^^x, ^.w^ ^iJoaX W. "^ss& 
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more like soft steel, which has a smaller coefficient 
expansion than hard steel, as may be seen from the 
linear expansion already given. 



under ^ 



Dilatation or Crystals, 

43. It is found that many crystals do not expand 
al equally in all directions so as to preserve their similarity 
'■ figure. Mitscherlich has investigated at great length the 
sion of heat upon crystals, and has obtained the fdlowing 

I. Ciyslah of Ihe regular ^'sttm whkk do no! came double 
fracliim dilate uniformly in all direciims in the sanu manner 
' vturyslallised bodies. 

%. Crystals that are optically uniaxal are differently affected 
'heal in ihe direction of the principal axis and in the direction 
fihe three secondaries, hut in the direction of Ihe latter they are 

nitarly affected. 

3, Crystals thai are optically biaxal dilate unequally in all 
Erections. 

Mitscherlich believes he has determined, as the result 
of his investigations, that the tendency of heat in crystals 

to increase the mutual distance cf the molecules in that 
lirection in which this distance is least, and thus to equalize 
le distances in different directions and bring the axes into 

sate of equality. 

Remarks on the Dilatation of Solids. 

44, The general law connected with the dilatation of 
lolids is that enunciated at the commencement of this 

•s, which states that such bodies expand when heated, 
hut recover their original volume when they are restored to 
Iheir original temperature. 

Neither of these statements is, however, universally true, 
«nd a singular exception to the first occurs in ihe case q^ 
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Rose's fusible metal. Erman, and afterwards Kopp, i 
found that there is for this body in the solid state a f 
of maximum expansion through heat, after which, if 
temperature be increased, it contracts instead of espandii 
According to Kopp something of the same kind takes pi 
in sulphur. 

A still more remarkable exception has recently 1 
brought to light in some experiments made by Fiz 
from which it would appear that iodide of silver contn 
by heat and expands by cold, the phscnomenon being | 
fectly regular and continuous between 10° and 70' 
curious exception has been investigated by Mr, G. F. Rod 

* (Pro R.S. Dec. 1874) who has arrived at the following 

elusions. 

I 1. Iodide of silver exists in three allotropic forms, 

(a) at temperatures between ii6''C and its fusing-point, 
a plastic, tenacious, amorphous substance possessing a. I 
dish colour and transparent to light; ((3) at temperat 
below ii6°C, as a brittle, opaque, greenish- grey, crysta! 
mass; and (y) if fused and poured into cold water, as 
amorphous, very brittle, yellow, opaque substance. 

2. That the iodide possesses a point of maximum den 
at or about iie^C at the moment before passing frooi 

j amorphous into the crystallint 

3. That if we allow a mass of molten iodide to cool, 
following effects may be observed: — (a) at the momeit 
solidification a very considerable contraction takes 1 
O) iLe solid, on further cooling, undergoes slight 
regular contraction after the manner of solid bodiea 
general, until (y) at or about 11 6^0 it undergoes ! 

Land violent expansion, passing from the amorphous i 
the crystalline condition; ^S) after undergoing this exp 
sJon the mass on further cooling undergoes slight ex^ni 
aad (rj ihe coefficient of coiilraclion diimni&Vea »a i!oa 
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perature decreases (or otherwise expressed the coefficient of 
contraction augments with the temperature). 

46. In the second place, the statement regarding the re- 
covery by a solid of its original volume when it resumes 
its original temperature is by no means absolutely correct. 
For if a solid be cooled very suddenly, in most cases its 
particles have not had time to bring themselves into the 
condition proper to the reduced temperature, and in con- 
sequence the substance is in a state of constraint, which 
continues often for a very long time. This is probably the 
cause of the change of zero in a mercurial thermometer 
(Art 22). For when such an instrument is made, or filled, 
the bulb is heated and suddenly cooled, and hence its par- 
ticles have not had time to approach so near to one another 
as they would have done had the process of cooling been 
very gradual. The bulb is therefore abnormally dilated, and 
only recovers from this state after a considerable time, 
during which a slow contraction takes place and the mercury 
is pushed up in the tube, or the zero appears to rise. 

In like manner when such an instrument is exposed to 
the temperature of boiling water and suddenly cooled, the 
bulb remains somewhat dilated, or the zero appears to have 
fallen, and only recovers its former position after ten days or 
a fortnight have elapsed. 

Magnus, and afterwards Phipson, have noticed a similar 
behaviour in certain specimens of the idocrase and garnet 
family. These have their density considerably diminished 
after they have been heated to a red heat, but in the course 
of time they recover their former volume. 

Other instances of this behaviour might be mentioned, and 
the knowledge of the fact is of much importance in many 
of the arts. It is accordingly well known to workers in the 
metaJs and In glass that the utensils which ihey foim Iiotcv 
dre molten material require to be very carefuWy axv4 "&\onnVj 
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coolcrd in order that the parddes mar have time to ass 
their most stable position, otherwise the structure is fn 
and comparatively useless. The process bj which this ll 
accomplisbed is called annealing. 

It thus appears that time is an important element in 
cooling of bodies; and with this reservation it may 
f)erhaps be erroneous to assert that a solid body heat 
and very slowly cooled will regain its original volume 
regaining its original temperature. 



CHAPTER III. I 

DilaiatioH of Liquids. 

46. Apparent dilatation and real dilatation. The 

cubical dilatation of a liquid may be either apparent or real . 
By a[)parent dilatation is meant the apparent increase of 
volume of a liquid confined in a vessel which expands bat 
in a less degree than the liquid which it contains. By real 
or absolute dilatation is meant the true change of volume (rf 
the li(iui(l without reference to the containing vessel. 

In order to find the real dilatation of liquids one of the 
following processes is employed. 

47. (I) Method by thermometers. In this method the 
li<iuitl under experiment is made to fill the bulb of a ther- 
mometer of which the internal volume or capacity is sup- 
posed to be known at the various temperatures of observation. 
This bulb is atlaeheil to a graduated stem, and the internal 
capaeily of ouch division of this stem is likewise supposed to 
be known. 

When this instrument has been filled with the liquid under 
^Xiunination it is cxix)sed to different temperatures, and for 
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each of these the position which the extremity of ihe liquid 
occupies in the stem is accurately noted. It is clear tbat by 
Ihis means the volume of the liquid for each temperature 
becomes known, and hence the amount of its dilatation may 
ily deduced. 

(H) Uethod by Bpeetflc gravity bottle. Here a. 
the internal volume of wliich is accurately known for 
matures, is separately filied at each temperature with 
"ihe liquid under examination', and the whole is then weighed. 
The weight of the vessel when empty is aleo ascertained, and 
ihus the weig.ht of Equid which it contains at each teraperar 
lEre becomes known. But the voluine of this liquid is also 
laiown ; hence its density, which varies as the weight of unit 
of volume, becomes known, and thus the dilatation may be 
deiermined. In this method the kind of bottle generally used 
is one made of glass, having a glass stopper which fits ie 
iccurately. The stopper is ground out of a capillary tube, 
lueh as that used for the stem of a thermometer, and hence, 
*!ien the botde is filled with liquid and the stopper pushed 
borne, any excess of liquid is forced out through tlie capillary 
orifice. The bottle ought to be filled in this manner at a 
lemperature lower than that of observation, so that, when it is 
subjected to the higher temperature and the liquid expands- 
the excess may escape by the orifice of the stopper and yet 
leave the bottle quite full. 

46. (Ill) Method by weighing a solid in th« 
UqslcU o>^ t^6 oreometric metliod. In this method a solid 
whose volume is accurately known for each temperature of 
observation is weigiied imrttersed in the liquid at ibese 
temperatures. The difference between the weight of this 
solid in vacuo and its weight in the liquid will give us the 
means of determining the relative density of ihe latter at ihe 
various temperawres. Tins w\\\ be seen from the toWQwm'j, 
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Let US suppose that the volume of the solid at o^C 
denoted by unity, but at loo'^C by i,oo6. Supfiose ; 
that the apparent loss of weig^ht of the solid when weighs 
in the liquid at o" is 1800 grains, while at 100° the s; 
only 1750 grains : 1800 grains is therefore the weight at ■ 
of a volume of the liquid equal to unity, while 1750 g 
is the weight at 100° of a volume of the liquid equal ■ 
1.006. Hence 1739.56 grains will denote the weight 
unity of volume of the liquid at 100°; and hence also lE 
grains, which at 0° occupied a volume equal to unity, ' 
at roo" occupy a volume 



I739.56 ' 



'-0347; 



or the dilatation between these two temperatures is n 
Bented by .0347. 

60. Absolute dilatation of mercury. In all I 
methods the capacity of the vessel or the volume of the 
employed must be known at the various temperatures of- 
observalion, or, in other words, we must know its cubical 
dilatation. 

But the remarks in the preceding chapter (Art. 38) lead 
us to conclude that in order to deiermine accurately the 
cubical dilatation of a solid it is hardly sufficient to deter- 
mine the linear dilatation of another specimen of the same 
material and to multiply ihis by three, but the cubical 
diiaiation ought, if possible, to be obtained by direct experi- 
ment. We have already seen (Art. 39) that in order 10 
accomplish this it is necessary to know the absolute OilatR- 
Uon of some one fluid, such as water or mercury. 

The problem before us is thus reduced to the determina- 
tion of the absolute expansion of some one liquid, after 
which that of other liquids may be easily derived. This 
thereSoie is a delerminaiion of much importance \ and si 
mercury has been cliosen for the puYpoae, ■«« ^wii 
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proceed lo shew how the absolute expansion of this liquid 
be found. 
The method about to be described was first employed 
A. Dulong atid Petit. It consists in fiUing a TJ-shaped 
^■with mercury, one Umb being kept at a low and the 
at a high temperature. The portion of the liquid 
is heated wili of course be specifically lighter than the 
and hence the hot column must be higher than the cold 
the two balance each other hydrostatically. Thus 
jy are the tft'o densities, and //, //' the corresponding 
shall have D:D' w H' -.H, or the heights will 
TMy inversely as the densities. This method is perfect in 
priociple, but it is almost impossible to keep a column of 
mercury at a constant high temperature and at the satne 
time be able to observe accurately the position of the top of 
the column, Regnault has however improved the apparatus 
so as lo overcome this obstacle, and the following sketch 
will give an idea of the arrangement which he employed ; — 
ab,a' b' are the two vertical tubes to be filled with mercury, 
and these are connected together near the top by a horizon- 
tal lube a a'. At the bottom they are not connected to- 
gHher, but ai is connected with the horizontal tube be, and 
(fb' with b' if. To the extremities of these horizontal tubes 
Iwo vertical glass tubes eg, c' g' are attached, and these are 
both connected with a tube ^i' leading to a large reservoir y 
supposed to be filled with gas whose temperature is con- 
stant; hence the pressure of this gas in the tubes eg, 
^i is also constant. Heat is applied to the tube a h, and 
by means of an agitator every part of this tube, including 
iIk mercury which it contains, may be brought to the same 
temperature throughout, and the value of this temperature is 
accurately ascertained. On the other hand, the tube a' b' ia 
Eiposed to a current of cold water of a known constant 
kmperature. 
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The tubes a 6, a' b' are supposed to be filled with n 
mtil above the level a n', but we will shew in the sequel thi 
it is not necessari- to know the height of ihe fluid above ihis 
level. 




^^P Now let p denote the whole pressure due to the Id 
hand column of mercury, and / ihe whole pressure due 
the right-hand column. The pressure at c is evidently 
while that at i/ is p'. Hence the pressure at d=p-- pressi 
of column t:d, ami in like manner pressure at £ =p'~'pi 
of column c' d". But the pressure at d is equal to 
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at (t, both being equal to the pressure of the gas in the 

reservoir^": hence we have 

p — pressure o\ cd-f— pressure of / tf, 

and therefore 

f—p - pressure of cobimn [c' (f—cd) . , ,] ( i ) 

that is to say^ the difference between the pressures of the 

two great vertical columns is equal to the pressure of the 
column of mercury contained between the levels (f and d. 

j Now since the tubes a h, -a^ b' communicate together by a a\ 
it is evident from hydrostatical principles that the portions 
of the two vertical columns above ad are in equilibrium 
with each other^ and therefore that the pressures of these 
two portions are equal But p^ or the whole pressure of the 
left-hand column, = pressure of column ah-\- pressure of 

I portion above a ; and in like manner p' = pressure of column 
a' ^'+ pressure of portion above (f. Now since the pres- 
sures above a a' are equal, it follows that 

p'—p = pressure of ct V— pressure of « 3, . . . ( 2 ) 

and equating (i) with (2), 
pressure of (/ ^— f ^ = pressure of a' 3'— pressure of a b. 
We have thus obtained an expression for the difference 
in pressure between two columns of mercury {a 3, d K) of 
equal length but of different temperatures, and since there is 

r no occasion to view the top of the column, we can perfect 
our arrangements for keeping the whole at the same tem- 
perature throughout, while by the insertion of an air ther- 
mometer alongside oi ab this temperature may be measured 
with great exactness. By this means therefore the relative 
density of mercury at various temperatures may be deter- 
mined, and its dilatation thence easily deduced.* 

♦ It has occurred to the writer of this treatise that it might be possible 
accurately to ascertain the length of the heated column in this experiment 
by iDe9i75 of an insuhted metallic pointer that would allow au e\tclivc cmi- 
/w/ topoMs when it came into contact with the mercurial co\Mmu, 
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52. Using ihis method, and also a modifienUon ofi 
Regnaiilt obiained results which enabled him lo constt 
table giving' the dilatation of mercurj' for every ten de( 
Centigrade from o°C lo 350", But before exhibiting 
table let us explain the distinction between the mean and 
Jrue coefficient of dilatation, as it is quite necessary 
this in the case of liquids which change their rate of 
pansion from one temperature to another. 

In general language, if we take a quantity of liquid 
volume at o^C is equal to unity, then the true coefScient] 
dilatation of this liquid at any point is the ra/t of . 
volume of the liquid at that point, as the temperature 
on regularly increasing. 

On the other hand, the mean coefficient of dilatation 
i°C of the liquid between 0° and any point is the 
of increase in volume of the liquid between these two poinls. 
that is to say, it is the whole expansion divided by ik 
number of degrees included between the two poinls. 

Thus we see in the followinp: table, second column, llal 
the whole dilatation of mercury between o" and looX is 
.018153; that is to say, a volume of this'fluid equal to unilj 
at 0° will at 100° be equal to 1,018153. Now .018153 '^ liw 
increase for 100°, and hence the mean increase for 
the hundredth part of this or .00018153, which accordingly 
will be found in the third column opposite loo", as de- 
noting the mean coefficient of dilatation of mercury belweeo 
0° and that point. 

On the other hand, the true coefficient of dilatation of 
mercury at loo" is found by the fourth column to be 
.00018405; that is 10 say, if the temperature rises throu^ 
a verj- small distance such as i" and becomes ioi°C t 
will be an increase of volume represented by .00018405. 





Table of the ahsoluU dilatation of Mercury. \ 


mettnipe- 


Whule dibiition 






ilDit u de- 


from 0° to fC of 


Mean coeflicient 


True f oetlicient 


fined by 


a lolume of mer- 


of dilatation b«- 


of difitation 




twecH 0° a..d /°a 


11 t'C. 


^l2xyTo° 













.00017905 




^01791 


.00017925 


.00017950 




■003590 


,00017951 


.00018001 


30 


■005393 


00017976 


JJO018051 




.007201 




aaoiSoai 


.00018.02 


so 


.009013 




0001S027 


.00018.52 


60 


.010831 




OOOlfio52 


,00018103 


P 


.01.655 




OOD18078 


.000.8253 


So 


.01448, 






,00018304 


90 


■or 6.11 5 
.018153 
.oiyygS 




oooiStiS 

OOO.S153 
0001 N17H 


.00018354 
.OM.840S 
.00018455 




■02.844 




qaolSio.i 


.0001 850s 


IJO 


-023697 




0001822a 


.00018556 




-OJS55S 




00018254 


,00018606 




.027419 




00018279 


,00018657 


l<a 


.029187 




00018304 


.00018707 




.03.160 




00018329 


,00018758 


iSo 


■0330.19 




00018355 


.0001 880S 


IIJC 


.0349 J z 




00018380 


.00018859 




.036S1, 




ooo,S+o5 


.000.8909 




-03S704 




0001S430 


.000.8959 








0001S456 


.00019010 


ajo 


.042506 




00018481 


.000.9061 




.04-H',T 

.04(.32Q 




000TS506 
0001 85 3' 


.00019111 
.00019.61 


160 


.04824? 




00018557 


.000192.2 


IM 


.050171 




0001858J 


,000.9261 


tSo 


.05JIOO 




00018607 


,000.9313 


19Q 


.054034 




000.8632 


,000.9363 


300 


.0550:3 




00018658 


.00019413 


JIO 


■05;9i7 






,00019164 


JIO 


.059S66 




00018708 


■,000.95.5 


JIO 


.061820 




00018733 


.000.9565 


H° 


.0(13778 




000.8758 


.000.9616 


350 


.065743 




000.8^84 


.000.966G 


It will be seen from this table that the true coefficient 


Tdiiatation of mercury increases with the temperature. 


* The accuracy of Regruuli's determination of the absolute expansion of 


rcuiy has been cunfirmed by experiments veiy reccmlj made bj Dr. A. 


luthwjieo by a quite differenl method. 
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53. Dilatation of water. The determination ( 
dilatation of water is also a point of much import; 
but before proceeding to ihis subject it will be necfsa 
to notice a very striking peculiarity which this fluid e 
with reference to its change of volume through heaL 

If ice-cold water, or wat«r at o°C, be heated, it does IJ 
al first expand as might be supposed, but contracts for a1 
4°C, and after that begins to expand. It thus eshibitaj 
point of maximum density. This b 
viour was illustrated by Hope by n 
of the following ingenious apparatus 

Fig. 13 represents a glass 1 

filled with water at an ordinary teni] 

rature, and having holes made f 

insertion of two thermometers, on 

the top and the other near the boT 

The middle of the cylinder is si 

by an envelope filled with a freezinj 

mixture. At first, as the temperature 

falls, the lower thermometer is very m 

effected, while the upper one falls but slowly. This c 

Blues until a temperature about 4"C is reached, w 

: lower thermometer ceases to fall, remaining stationaiy 

r some time. On the other hand, the upper one begin 

rapidly, and continues doing so until it r 
! freezing point. This behaviour is explained by S 
Ming that water attains a point of maximum density at 
)out 4°C, below which it expands instead of contracUng. 
t first therefore the particles of water contiguous lo the 
zing mixture becoming denser descend, and are replaced | 

r particles from beneath : and this process goes 1 
1 the water below A is reduced to 4^0; while, on the J 
Other hand, that above the freeilng mixtoce is not so ct^dj 
Sul as Che action proceeds, iW vialei tau'asBiia\a Vi^ 



the 
aced 1 
;son I 
I the I 

i 
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peering mislure having already allained Us point of n 

n densily, becomes specifically lighter instead of heavier, 

1 rising upwards rapidly cools the upper thermometer: 

s while the lower thermometer remains stationary at the 

ant which corresponds to the maximum. density of water, 

By observers have made experiments with the view of 

5 the temperature corresponding to the maximum 

liflity of water, and by the mean of all their determinations 

S appears to be as nearly as possible equal to 4''C, or 

f.i Fahr. Various watery solutions also possess their own 

pints of maximum density : but a very extensive series of 

earches made by M. Pierre tends to shew that for other 

ifdds such points do not e^ist. 

r!€4. Having made these remarks on this peculiarity of 

watery solutions, let us> now exhibit a table 

i by M. Despretz, in which the volume and density 

r-water is given at the various temperatures from —9" to 

So°C. It may appear anomalous that this table should 

aid below the freezing point of water, but we shall 

: (Art, 98) that this liquid, if kept perfectly 

SR, may be brought to a lower temperature than its usual 

)Cezing point without assuming a solid state. 

I These experiments were made according to the .method 

Bt described in this chapter, or the method by thenno- 

leters (Art. 47). 
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^^^Tabk of/he density 




d vol tune 


f Water, from - 


9^C/«.oo'c| 


^^^V according lo M, Dcspre/z {ih 


e density and volunu at 4° Ink* f 


^B asunily). 








^fc,^!^- 


Densily. 


Tempe- Volume 


Demily. 


^^■-9° tMi 631 1 


0.99B H7I 


15° 1.00087s 


I 0.999115 


^^V-S :.ooi3734 




998 6 j8 


S o.99g979 


^^r-7 1.001 [354 




998 K65 


\^ !:^I %6 


7 0998794 


^^^r —6 1.00091M4 





99908a 


18 ..00, 39 




998611 


^^H — J .000 5ljS ; 




999 i^i 


19 I.OOl ^% 




998 4H 


^^H —4 Looo^diq 




999 437 


10 1.001 79 




998 113 






989 f 77 






99S004 


^^M -2 1,0003077 




999693 






J97 :»j 


^^m ~i Kooojijs 




999 j8(5 


13 I.003 44 




997 S« 


^^M 1.000 I ir<o 




999 873 


J4 1.00271 




997 ^97 


^^B 1.0000730 




9''99'7 


as 1.001 93 




99707* 


^^H 




999066 


j6 1.003 ji 




'^tj 


^^m 3 i.ooooa.^3 




99991)9 


= 7 '-^.WS 










000000 


j8 1.003 7+ 






^^H 1.000 ooSi 




999999 


J9 1.004 03 






^^H 6 1.000(130 g 




ggggfig 


30 1.00433 







^^1 ! t.oooo7oH 




999919 


40 1.007 73 







^^1 R 1-000 IJI 6 




999878 


fo 1.012 OS 






^m 9 1.000 187 g 




9998.^ 


60 1.0169$ 


a 




^^H 10 I.OOO ]6S 4 




999 73 i 


70 1. 02 J ?s 






^^H IL t.ooo35|}lj 




999 D40 


80 l,oj8 8s 






^^H 1.1 1.00047^4 




9TO 5^7 


90 1.03566 










999414 


100 1.043 15 






^^H M 1.0007146 


o.9<,9 jSi 




fl 


^^^H Malihitssen's experimenli:. 


Matthiessen has recently nu^ 


^^^H^ series of very valuable exp 


riments on the 


expansioa Ifl 


^^^Hgleat of water ; the 


method employed by him being the artQ 


^^HtKtric method, or 


that of weighing a solid in the liquid. 


^^V It was remarked in Art. g 


that in such 


1 method the 


^^^Hnibical dilatation of the solii 


employed must 


be known al 


^^^Bbe various temperatures of 


observation. It 


was also re- 


^^^naarked that in order to de 


ermine accurately the cubical 


^^HjUaiation of a solid it is bar 


lly sufficient to 


determine the 


^^^K^ar dilatation of anothei s 


lecimen ot 4.\\e 


6a.me material 


^^^^H to muhiply 


his by ih 


ee, but liie cxftsitii. di^won 




^^K, 
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ought, if possible, to be obtained by direct experiment. This, 
however, cannot be done unless we know the absolute dilata- 
tion of some one fluid such as water or mercury. 

The uncertainty introduced into a determination of the 
expansion of water by the areometric method when we 
deduce the cubical expansion of an auxiliary solid from its 
linear expansion becomes, however, very small when the solid 
is one which has a very small coefficient of expansion com- 
pared with water. For this reason Matthiessen employed 
pieces of glass cut from rods of which in the first place he 
determined the linear expansion with great accuracy. 

The method which he adopted for weighing accurately 
these pieces of glass in water of different temperatures is 
exhibited in Fig. 14. The piece of glass to be weighed 
was attached to the end of a fine platinum wire hung from 
a balance-pan above. The hot water box below was made 
of zinc double sided and encased in wood. The covers were 
cut in two to allow them to be put on or taken off without 
disturbing the fine wire. The stirrer was a square piece 
of zinc soldered to the wires RR. A draft pipe leading into 
a chimney where gas was burning served to draw off the 
steam formed at high temperatures, thereby preventing its 
condensation on the platinum wire. It was found by ex- 
periment that this draft had not the slightest influence en 
the weighings. 

A silver cylinder filled with distilled water stood in the 
middle of the box, and in it the glass was weighed. The 
water in the box was heated by steam supplied by means 
of a small boiler heated by gas at some distance from the 
apparatus, and by carefully regulating the gas it was found 
that any temperature between 50° and ioo°C might be kept 
constant for some time. . 

The following table exhibits Matthiessen*s results obtained 
l?y Ms process as compared with those of "Kopp, "D^^^x^Vl, 
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md Pierre, all of whom determined ihe expansion of W 
1 glass vessels, and also with those of Hagen, who U 




miLATATION C 



m 


R^n ofviakr according to differsni observers. 


__L 


K-TP. 


Desprcti. 


Pierre. 


Hagen. 


Mitlhiessen. 


Vc I 


000000 


..000000 


l.OOOOOQ 


1.000000" 


I 000000 




0DOJ47 




000168 








000269 




n 1 


oooKiS 




000875 


1 


000 S 50 




000849 


1.000891 




oo.6,jo 




ooi79o 




001717 




00.721 


1001814 


i" 1 ' 


004187 




00+330 




004 ig.-; 




004150 


1004345 


40. ' 


007654 




007730 




c»r636 




007711 


1.007730 


.» I 


01.890 




013050 




011939 




01.994 




to 1 


O.67.S 




oi6qSo 




0.17143 








i ; 


01=371 




021550 




OJ306+ 




012675 




018707 




oiSSjo 




019486 




038931 


1-038953 


-p I 


0355 H 




03s6fio 




0364" 




035715 


i-03.'i8i3 


m I 


043114 




043150 




"4.1777 




041969 


1.043159 



II will be seen from this table that the determinations of 
I Malthiessen and Despretz agree very well together. Mat- 
I Ihiessen also redetermined the coefficient of expansion of 
tnercury by weighing it (enclosed in a buciiet) in water of 
different temperahires. By this means he detemnined its 
mean coefficient of dilatation between 0° and ioo°C to be 
x»oi8i2, a number closely agreeing with Regnault's, which 
te. 0001315. 

66. Dilatation of other liquids. The dilatations of 
* peat many liquids have been carefully determined by 
M. L Pierre, and he has embodied his results in expressions 
of the following kind — 

where fl, represents the dilatation of unit volumes from 0° to 
CQ, and where a, b, c are constants depending on the nature 
of the substance. This expression, he finds, generally repre- 
sents the expansion of a liquid with considerable accuracy. 
We derive from his results the following table, in which the 
ipproKimale temperature of the boiling point of ■eax:h Uojiid 
k compared with its coefficient of dilatation al o°C, 
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Name of liquid. 



Chloride of ethyle 

Oxide of ethyle (sulphuric ether) 

Bromide of ethyle 

Iodide of methyle 

Sulphuret of carbon 

Formiate of oxide of ethyfe . . . . 

Terchloride of silicon 

Acetate of oxide of methyle .... 

Bromine 

MethyKc alcohol 

Iodide of ethyle 

Acetate of oxide of ethyle 

Alcohol 

Terchloride of phosphorus 

Butyrate of oxide of methyle . . 

Bichloride of tin 

Amylic alcohol 

Terchloride of arsenic 

Bichloride of titanium 

Terbromide of silicon 

Terbromide of phosphorus 

Mercury (JRe^nault) 



Approximate 
temp, of boiling 
point in Centi- 
grade degrees. 






ii.o 

35-5 
40.7 

43.8 
47.9 

529 
59-^ 
.«;9-5 
63.0 

66.3 
70.0 
74.1 

78.3 

78.3 
102. 1 

"5-4 
131.8 

133-8 
136.0 

153-4 

175-3 
350.0 



Coe 

dilai 

l°Cs 

pcra 



I 



.01 

.o< 

x)< 

.04 

.0* 
.0' 

.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
x> 
.0 

.0 

Xi 
.0 
.c 

.€ 

.C 



56. It will be gathered from this table that 
liquids with high boiling pK)ints expand less at the 
ture o°C than volatile liquids which boil at a low tei 
and it may be inferred that there is some conn 
tween the coefficient of expansion of a liquit 
volatility. This leads us to consider the dilatatic 
volatile liquids. 

57. Dilatation of volatile liquids. When 
to liquids, such as carbonic acid, which can onl 
this state at ordinary temperatures under very grea 
we have reason to think that their coefficient of d 
extremely great. Thilorier in 1835 had made tl 
remark that liquid carbonic acid presents the a 
a liquid more dilateable than any gas, and he 

his observations that its dilatation was f 
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greater than that of air. M. Drion has since made very 
careful experiments upon several volatile liquids, and among 
them liquid sulphurous acid and chloride of ethyle. From 
these he has constructed the following table. 

True coefficient of expansion for i°C 



Tempe* 


Chloride of 


Sulphurous 


rature. 


ethyle. 


acid. 





.cx>i482 


.001734 


10 


.001588 


.001878 


20 


.001699 


.002029 


30 


.001811 


.002192 


40 


.001919 


.002371 


50 


.002045 


.002585 


6o 


.003202 


.002846 



Tempe- 


Chloride of 


Sulphurous 


rature. 


ethyle. 


acid. 


70 


.002390 


.003176 


80 


.002625 


.003608 


90 


.002910 


.004147 


100 


.003250 


.004859 


no 


.003690 


.005919 


120 


.004306 


.007565 


130 


.005031 


.009571 



We may perhaps conclude that the coefficient of expansion 
of a liquid i^ very great at those temperatures at which the 
substance can only exist in the liquid state under very great 
pressure. 

58. Contraotion of liquids from their boiling 
points. Views perhaps analogous to those just mentioned 
induced Gay Lussac to compare the contraction of different 
liquids reckoned from their respective boiling points, and 
he obtained the following result for alcohol and sulphuret 
of carbon. 

Table of the contraction of alcohol and sulphuret of carbon for 
successive intervals of^C, reckoned from their boiling points^ 
ike volumes at these points being equal to 1000. 



Tempe- 
rature 
interval. 


Alcohol. 


Sulphuret 
of carbon. 


Tempe- 
rature 
interval. 


Alcohol. 


Sulphuret 
of carbon. 


5° 


5-55 


6.14 


35° 


40.28 


40.48 


10 


•"•43 


12.01 


40 


45.68 


45-77 


>5 


17-51 


17.98 


45 


50.85 


5108 


20 


34-34 


23.80 


50 


56.02 


56.28 


25 


^915 


29.6s, 


55 


61.01 


^\A\ 


30 


34 74 


35'06 I 


60 


65.9^ 


^^.l.\ 
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It thus appears that the contractions of alcohol and 
sulphurC't of carbon, reckoned in this way, are as nearly a; 
possible the same. Pierre and Kopp have both verified this' 
law of Gay Lussac, and the former has shewn— 

r. That amylic, ethylic, and methylic alcohol foUow aeaAf 
the same law of contraction, or, in other words, eqiMri 
volumes of these liqaids at their respective boiling poinll 
will preserve their equality at all to-m peratu re s ' equidistant 
from these points. 

2. That the same law holds trae for the bromides and 
iodides of ethyle and methyle ; 

3. And in one or two other cases; but that in gena 
two liquids formed by the combination of a common pri 
ciplc with two different isomorphous elements follow d 
taws of contraction starting from their respective boiS 

59. In conclusion, on comparing this chapter with | 
preceding we are led to the following result : — 

1. Solids have a much smaller coefficient nf expansion.' i 

2. The coefficient of expansion of liquids increases with 
temperalun. 

tj. The coefficient of expansion of a liquid which only , 
vcs its stale under very great pressure is probably very great 
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CHAPTER IV. 
Dilatalion of Gases. 



IP- Before commencing (he subject of this ehapt< 
attention must be drawn to the following e. 
id law. 

there be a lube shaped as 

tfae accompanying figures, 

a uniform bore throaghoui, 

diet it contain at the atmo- 

pheric pressure (equal, let us 

lay, to 30 inches of mercury) 

volume of air AB. If this 

r be shut out from the at- 

osphere by mercury, th&u 

e surfaces B and D of the 

Mrcury in the two limbs of 

lube will be at the same *''S' 'S- 

level, since the pressure upon the surface a 
oqnal to that of the atmosphere pressing 
sddiliouat mercury be poured into the tube 



K 

u 



a' 

d 



Fig, J 6. 
B is supposed 
It D. Now if 
there is 



a difference of 30 inches between the levels B' and C, 
is evident that the air A' & exists under the pres- 
site of two atmospheres ; for we have not only the column 
of mercury CI/ = 30 inches tending to presS this air into 
I«ss volume,, but we have in addition the pressure of ihe . 
aimosphere upon the surface C' , which is also equal to 30 
'nehes of mercury. Hence we have the air in Fig. 16 
fnisiing at a pressure double of that in Fig. 15. Now it 
ned fact that the space occupied by the air in 
Fig. 16 will be one-half of that occupied by it in Fig. 15; 
snd generally, provided the temperature remains Ihe same, Ihe 
Volume which a gas occupies is inversely proportional lo ikt 
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pr^.^.\ure under which it exists ; or, in othir words ^ its denaty 
/; proportional to its pressure. This law is known as that 
of li'.vle or Marriotte. 

' I 

61. But if the temperature be increased, the air will on 
this ar.count alone tend to expand, and one of two things 
will yjappcn. i. If we wish to keep the "air always occupying 
tlic same space we must employ additional pressure ; 2. If 
•.vo wish to keep it exerting the same pressure we must 
allow it to occupy additional space. Our subject thus 
riatiirally divides itself into two parts. In one of these 
wr; determine the relation between the pressure and tem- 
porature of a gas whose volume is constant, and in the 
other we determine the relation between the volume and 
temperature of a gas whose pressure is constant. 

If we imagine Boyle's law to hold rigidly for gases, then 
th^- two cases are connected with each other in a very 
sitnj)]c manner. For if a gas whose volume is Fand pres- 
sure P at o'(' has at /° and under the same pressure the 
vf>liimc F', then it is clear that were it constrained to 

r^ceupy its old volume its pressure would be P x -pr • 

'Diiis, whctlicr we adhere to the method of constant 
pnrssures or to that of constant volumes we should in this 
casf liavc ])rccisely the same proportional change for increase 
of t(;m])crature, this being in the one case change ofvolumt 
and in the other change 0/ pressure ; but it has been deemec 
right to determine the change by both methods, and w< 
shall see in tlie secjuel that the two values thus found are no 
pniciscly the same. 

62. The fact of the dilatation of gas may be easily prove 
by filling a bladder nearly full of air, tying its orifice, an 
heiUing it; it will then soon appear to be quite full, th 
contained air having expanded by heat under the constat 
|)ressure of the atmosphere. 
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Dalton in tliis country and Gay Lussac * in France were 

the first who investigaled the law of expansion of gases 

with any considerable success, and they were both led to the 

ccpnclusion that all gases expand equally for equal incre- 

Bnmis of temperature. With regard, however, to the precise 

^BWiich connects together volume and temperature, there 

^Hb difference in the result obtained by these two philo- 

H^ers. According to Gay Lussac, the augmentation of 

pfohtme which a gas receives when the temperature in- 

iCreases 1° is a certain fixed proportion of its iniliai vulume 

lid o'C; while accordnig to Dalton, a gas at any tem- 

peraiure increases in volume for a rise of i" by a constant 

fraction of iVj volume al Ihat temperature. 

Gay Lussac's law may be expressed as follows. 

Let ^ax ^'r denote the volumes at o'^C and /° of a certain 

quantity of gas existmg at the pressure P, then these two 

volnmes are connected with one another by means of the 

following formula — V = V ii + af ■ 

*bere g is the coefficient of expansion, nearly the same for 

sll gases, which it is the object of experiment to determine. 

From this equation we derive at once the relation between 

ite temperature and the density (density being represented 

by the mass contained in unit of volume) of air whose pres- 

Bore remains constant. For let 1) denote the mass of air that 

occupies imit of volume at o^C ; this mass will at /° occupy 

» volume equal to r + at, and hence the mass of unit volume 

orihe density at this temperature will be ■ 

The dilatation of gases has since been investigated by 
Rudberg, Dulong and Petit, Magnus, and Regnault, and the 
result of their labours leaves liUle doubt that Gay Lussac's 
method of expressing the law is much nearer the truth than 

* Cbarla »ppeirs W huve been ihe first to discnver Ihal the coefficient of 
^tiliaa U nearly the lame in all periuaiiejit gases. 
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Dallon's. It has also been ascertained that ihe coefficio 
of dilalalion 'is not" precisely, although very nearly, the a 
for all gases. The esperimenis of Regnault were conduclt 
with very great care, and we shall now shortly describe, i 
the first plaice, his method of ascertaining the increase i 
pressure of a constant volume of air between o°C ajid IM 
and, in the second place, his method of ascertaining ll 
increment of volume between the same limits of air 
which the pressure remains constant. 

63. BslatioH between pressure and tempa^atun < 
air whose volume remaina the same. The follow! 
description of an apparatus, nearly the same as Regnaiilt! 
and used by the author of this wor!; for the same purpo! 
enable t 
reader to und* 
stand the i 
tbod pursued 
this investif 




passed ihrough a desiccating appaT^XM; 



also lliorough 
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termination of the bulb was then attached to a tube T, 
connected with another tube 7* which was open to the 
,«lmosphere. 

Tbe lower terminations of these tubes were fitted into a 
ifjoir ^containing mercury, and this reservoir might be 
or contracted at pleasure by means of a, screw S 
moved a piston out or in. 

■whole apparatus was made to rest firmly on a slab of 
The experiment consisted of two parts : the bulb d 
first of all surrounded by melting ice, and by means of 
J the mercury was forced to the height A in the tube 
and the difference of level between the surface of mercury 
die two tubes was read by means of a cathetometcr, which 
instrument for measuring vertical heights. Adding 
ttis Ig the height of the barometer, which was observed at 
Uie same moment, the whole pressure under which the air in 
lie bulb existed at the temperature of melting ice was thus 
aacectained. Let us call this P. The bulb * was next attached 
to a boiling-water apparatus, as in the figure, and by means 
of Uie screw S tbe mercury was forced up to the same height 
h in the tube T. Since the pressure of air increases with the 
lemperalure, it is evident that the pressure will now be 
greater, and that in consequence the mercury will be pushed 
high up in the tube 7". Taking the difference of level as 
before, noting the barometer, and adding the two heights 
itjgeiher, we get tbe whoJe pressure under which the air now 
esisis at the temperature of boiling water. Let this pressure 
be called P". It is now very easy to construct the formula 
which must be applied. 

Let the temperature of the surrounding atmosphere, as 

slso that of the mercury in the tubes and reservoir, be /" C ; 

snd let T° denote the temperature of boiling water at the 

piesent atmospheric pressure. 

Further, let V denote the internal volume al o°C Q^ XW 
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bulb b and of that portion of the capillary tube which is sub- 
jected to the heating and cooling agents, and let v denote the 
internal volume at o°C of that portion of the tube 7* above 
the mercury which is not subject to the influence of these 
agents, but which contains air having the temperature /. 

Also let K denote the coefficient of expansion for iX 
of the glass, and let a denote the corresponding coefficient 
of increase of pressure of dry air whose volume remains 
constant— this being what we wish to determine ; and, finally, 
let us denote by D the mass of air which occupies umt 
volume under unit of pressure at the temperature o°C. 

Then DP V (according to Boyle's law) will denote tbc 
mass of that portion of the enclosed air existing in the bulb 
(volume = F) at the temperature o°C and under the pressore 
P when the bulb is surrounded by melting ice ; also (Art 6a) 

; Will denote the mass of that portion of toe 

I+a/ 

enclosed air existing at the same time in the tube (volume 
= z; (i -f k/)) at the temperature of the atmosphere ( = /) and 
pressure P, Hence the whole mass of enclosed air will be 
denoted by n p ( r^ . v{i-^k/) } 

Now let the bulb be subjected to the temperature of 
boiling water ( = T). The volume of the bulb then becomes 
V{i-{-kT), and hence the mass of air existing in the bulb 
at this temperature and under the pressure JP^ will be 

^ - - , while that existing in the tube (vol = » (i + «/)) i 

at ihe temperature of the atmosphere ( = /) and pressure F' 

DP'v{i+Kt) 
will be -- . - : — • 

I 4- a/ 

PIcnce the whole mass of enclosed air will be denoted by 



I l+aP 



1+0/ j ^' 
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s unchanged, being enclosed, 
■e have (i) = (2) ; and hence, since jf? is a common factor, 

liere everything is known but a, which may thus be easily 
Btennined. By a similar method Regnault found that if 
Oity denote the pressure of a given volume of dry air at 
"C, its pressure at loo'^C if confined to the same volume 
f3i be 1.3663, The author of this work has obtained a 
^ewhat larger increase, but we may probably assume the 
tjove number to represent the increase of pressure of air 
r constant volume with great exactness. 

64. Dilatation of air between 0^*0 and lOO^C under 
bnBtant pressure. A slight alteration in the apparatus 
TFig. 1 7 enabled Regnault to make this experiment. Here 
le air will of course expand and occupy part of the tube T, 
!Ul it will therefore be necessary to surround the two tubes 
1^ y with water of a constant temperature, since nearly 
ilbiuth part of the enclosed air will exist in T, and its tem- 
^ture must therefore be accurately known. By means of 
te screw 5" the mercury in the two tubes is brought as 
Sarly as possible to the same level, both when the buib 

in melting ice and when it is in the boiling apparatus, 
i that in both these cases the pressure will be as nearly 
■ possible equal to that of the atmosphere. Any small 
ifference of level between the two tubes is read by means 
' a cathetometer, and the barometer is noted ; so that the 
hole pressure under which the air exists in the two cases is 
xurately known ; but these pressures will in this experi- 
lent be very nearly the same in both. By calibrating the 
ibe the additional volume occupied by the air at the high 
ilDperature may be determined, and thus the coefficient of 
a becomes known. 

From these and other experiments Regnault has coticlud&d 
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that while the dilatation of air between o°C and lOo^C i 
equal to .3665 of its voliime at 0° when this dilatation i 
calculated by means of the law of Boyle from the chang 
of pressure of air of which the volume is constant; yet wha 
the dilatation is deduced directly from the change of vohm 
while the pressure remains constant this coefficient is some 
what increased and becomes .3670. 

Dividing these results by 180, we find the coefficient whid 
denotes increase of pressure for 1° Fahr. of air whose vtkt^ 
is constant = .002036. 

Also, the coefficient which denotes increase of volum fa 
1° Fahr. of air whose pressure is constant = .002039. 

65. Dilatation of other gases at ordinary pressuiM 
Regnault has investigated this subject minutely, and hi 
found that different gases have notably different coeffidentt 
and that the coefficient of the same gas differs according! 
it has been determined by th\B method of constant prei 
sure or by that of constant volume. He gives the foDof 
ing results : — 

Dilatation between o^C and ioo°C. 



Hydrogen < 

Atmospheric air . . . . 

Nitrogen 

Carbonic oxide . . . . . 

Carbonic acid 

Protoxide of nitrogen 
Sulphurous acid .... 
Cyanogen 



Under constant 


Under constant 


pressure. 


volume. 


0.3661 


0.3667 


0.3670 


0.3665 


• • • • 


0.3668 


0.3669 


• a3667 


0.3710 


0.3688 


0.3719 


0.3676 


0.3903 


0.3845 


0.3877 


0.3829 



It will be noticed in this list that sulphurous acid ao 
cyanogen, which have the greatest coefficients, are ga* 
which may easily be liquefied ; while, on the other hand, A 
three permanent gases which have never been liquefied b» 
small coefficients. 
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Dilatation of gases existing under different 
following la* has been deduced by 
tegnault ; " Air and all gases except hydrogen have coeffi- 
ients of dilalation which increase to some extent with their 
)tnsity." 

Regnault has likewise enunciated the following very im- 
jortant law : " The coefficients of dilatation of the different 
'^astt approach more tiearly to equality as their pressures become 
fable, in suck a manner that Ike law which is expressed by 
wing thai all gases have the same coefficient of dilatation ought 
\lrielly lo be considered as a law which applies only to gas 
U a stale of extreme tenuity, but which is departed from as 
puis become compressed, or, in other words, as tkeir molecules 
Wtproack each other. 

• A gas whose molecules are so far apart as not to exert 
jLiy sensible influence upon each other may be called a 
fir/Ki gas. 

' 67. Air Thermometer, We are now in a position to 
.diKUSS the air thermometer, lo which in our first chapter 
^e promised to return. 

If we have a series of thermometers with different liquids, 
■aich as mercury, alcohol, water, &c., and all enclosed in 
'envelopes of the same description, and if each instrument 
has been accurately pointed off and graduated in such a 
nmner that I'^C denotes the one hundredth part of the 
capacity of the capillary tube between 0° and 100°, never- 
[theless these instruments, if plunged into the same liquid, 
1*31 not all register precisely the same temperature. 

But if we restrict our choice to thermometers with the 
.fame liquid, as, for instance, to mercurial thermometers 
Itnide of the same kind of glass, we obtain instruments 
'Hriclly comparable one with another, and these if plunged 
into the same liquid will all indicate the same temperature. 
But though such instruments are comparable ^■\\.'ft ca.»i\ 
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Other, we are not yet sure if their common reading acco- 
rately represents the true temperature ; for there is no 
obvious reason why we should prefer a mercurial to an 
alcohol or ether thermometer, which would both give 
slightly different indications. The mercurial thermometer 
stands therefore in the following position :-^lifferent instru- 
ments of this kind may be made to give identical indications, 
but yet we cannot rely upon these for accurately measuring 
temperature ; nevertheless we cannot suppose that they arc 
very far wrong. 

Let us now employ a gas or air thermometer, and confine 
in envelopes of the same material different gases of sufr 
cient tenuity and not liable to be easily condensed, and let us 
suppose that we have the means of ascertaining accurately 
the pressure which they exert upon their envelopes ; and 
let us also in the meantime disregard the expansion of 
these envelopes. Now if all these gases have a common 
pressure at o^C they will all have a common pressure at 
ioo°C, or at any other temperature. If we make use of 
this pressure to determine the temperature, we have thus 
obtained different instruments whose indications are com- 
parable with each other, even although the gases with whick 
they are filled are different. Gases, if of sufficient tenuity, are 
therefore in this respect superior to liquids ; and it only now 
remains for us to determine the precise law which connects 
together the temperature and pressure of a gas in order to 
make a perfect thermometer. We have various reasons for 
imagining the law announced in art. 62, or Charles' law, to 
be correct, at least in the case of perfect gases. This law, 
taken in connection with that of Boyle, asserts that if the 
pressure of a constant volume of gas be unity at o**C and 
1.3665 at ioo°C, then the pressure at 5o°C will be the mean 

'tween these two numbers, or 1. 18325. Strictly speaking, 
s impossible to prove this law experimentally with pre- 
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,«(sion, for to do so implies the previous possession of an 
'accurate instrument for measuring temperature. Now we 
kave seen that the mercurial thermometer is not trustworthy, 
vhile for the purpose of this proof it must be presumed that 
ihe air iliermometer does not yet exist, since in order to use 
it we must have a knowledge of this very law which we wHsh 
to prove. The case stands thus ; if we employ mercurial 
ibermometers (which we cannot imagine to be far wrong), 
'Charles' law is found to give a near approximation to the 
experimental result. There is, however, a small difference, 
and the cause of this may be either that mercurial thermo- 
meters are not quite right, or that Charles' law itself is only 
an approximate expression of the truth. Now, in the first 
place, we know very well that mercurial thermometers are 
not absolutely correct, and in the next place, with regard 
lo Charles' law, its extreme simplicity is in its favour, and 
we shall afterwards see that there are perhaps theoretical 
feasons for supposing it to be correct, at least for perfect 
fBses. 

In fine, we apprehend that a perfect gas obeys Charles' 
law, and may be made to furnish us with a perfect ther- 
iDOtneter, and if we cannot procure a gas that is quite 
perfect, yet atmospheric air deprived of moisture and car- 
bonic acid is a substance sufficiendy good for all practical 
purposes. 

Although the air thermometer is in principle peculiarly 
fitted for the determinadon of very high temperatures, yet 
Ihtre are considerable mechanical difficulties in the employ- 
tnent of the instrument in such cases. Regnault has lately 
invented two modifications of this instrument in order to 
tender it suitable to measure the temperature of furnaces 
(see Annales de Chimie for September 1861). In one of 
ihese vapour of mercury is the gas employed, and the 
instrument is constructed as follows. There is a kind qC 
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flask, either cylindrical or spherical, which may be eitt 
cast or wrought iron, of platinum or of porcelain : the i 
is closed by a plate containing a small aperture. Frc 
to 20 grammes of mercury are added to this flask, 
is then placed in that part of the furnace the tempe 
of which we desire to know. The mercury soon 
its vapour expels the air by the orifice, and the < 
of mercurial vapour goes off by the same means, 
the apparatus has acquired the temperature of the fi 
the flask is withdrawn and made to cool rapidly, ar 
mercury which remains in the flask is weighed. It 
be weighed direcdy, or, if it contains impurity, it is disi 
in acid and estimated as a precipitate. This weij 
that of the vapour of mercury which filled the flask : 
temperature of the furnace, and the * volume of the 
as well as the density of mercurial vapour being i 
this temperature may thus be determined. 

In conclusion, we append the results of a comp: 
made by M. Regnault between an air thermometer ; 
mercurial thermometer with an envelope of crown g 





Temperature given by 


Temperature given 


mercurial thermometer 


by air thermometer. 


with envelope of 




crown glass. 


loo'C. 


loo'' 


120 


119.95 


140 


139.85 


160 


15974 


180 


17963 


aoo 


199.70 


220 


219.80 


240 


239.90 


260 


260.20 


2S0 


280.52 


300 


301.08 


320 


321.80 


340 


343-00 


350 


354-0O 
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CHAPTER V. 

Appiicatims of Ihe Laws of Dilaialion. 

Since all the bodies around us are subject lo 
annual change of volume owing to their varjing tem- 
ntture, it is necessary to take account of this in very 
my operations and investigaiions whether of a scientific 
strictly practical nafure. Let us, in the first place, pro- 
ed to describe the influence which change of temperature 
on our standards of length, mass, density and lime. 

STAUnAHDS OF LENGTH. 

49. Supposing that a yard is taken to denote a certain 
)lute distance, and that the length of a bar is precisely 
yard at the temperature 62° Fahr., it is clear that, owing 
lie expansion of the material of the bar, its length will be 
reUer than a yard for temperatures higher than 62°, but 
nthan a yard for temperatures below 62°. 
If now we employ this bar as a standard by means of 
thich to measure the absolute distance between any two 
3 in terms of the yard as a unit of length, and if it 
iconvenient or impossible to make this comparison at 
■■ahr., it will be necessary to know the precise tempera- 
of our standard bar in order tiiat we may know its 
"leal length. 

The formation of a standard of length is an object of 
nuional importance, and we shall now shortly describe 
the respective standards authorised by the laws of England 
and France. 

70. English Standard, The English standard of length 
*as formerly the parliamentary standard yard executed by 
Birdinlheyeari76o. A yard was defined to be the straight 
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line or distance between the centres of the two points in the 
gold studs in the brass rod formerly in the House of Com- 
mons, whereon the words "Standard yard 1760" were en- 
graved, the temperature of the standard being 62° Fahr. 

On October 16, 1834, a fire occurred in the Houses of 
Parliament, in which the standards were destroyed. The bar 
of 1760 was recovered, but one of its gold pins having ft 
point was melted out, and the bar was otherwise injured. 

A committee was therefore formed to reproduce tUt 
standard yard in the best manner possible, and this vai 
admirably accomplished chiefly through the labours of the 
late Mr. Sheepshanks. A new standard and four authorized 
copies were made and lodged at the ofiice of the Exchequer, 
the Royal Mint, the Royal Society of London, the Ropi 
Observatory, Greenwich, and the new palace at Westminster; 
and it was enacted (July 30, 1855), "that the straight line 
or distance between the centres of the two gold plugs in 
the bronze bar deposited in the office of the Exchequer 
shall be the genuine standard yard at 62° Fahr., and if 
lost it shall be replaced by means of its copies." Many 
other copies of this standard have since been made, the 
errors of which have been very accurately ascertained. 
When the length of a substance has to be measured with 
precision it is necessary to compare it either with the 
standard or one of its copies of which the error is known. 
It is here that the knowledge of the laws of dilatation be- 
comes of importance, for to make the comparison accurately 
we must know 

1. The precise temperature at which the comparison is 
made. 

2. The coefficient of expansion of the standard used. 
Suppose, for instance, that our standard is of brass, and that 

we are comparing with it a platinum scale at the temperature 
of 72° Fahr., and that we find the length of our scale to be 
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inches as read by the standard at this temperature ; 
,lhen in order to find the true length of our platinum scale at 
I this temperature we must know the coefficient of expansion 
■of the brass standard. Suppose this to be .00001 for ]°Fahr. ; 
|.lhea if the standard is right at 62°, its length, or the true 
I, value of 36 apparent inches, will be = 36 inchesx i.oooi at 
f 7i°, = 36.0036 inches; and hence the true length of our 
[ platinum scale (which is .002 inch less than 36 apparent 
, inches) will be as nearly as possible 36.D016 inches at the 
.temperatm-e 7 a° Fahr. 

If we now wish to ascertain its length at 62° we find the co- 
«IEcient of dilatation for platinum for io°Fahr. to be .000048. 

Hence its length at 63° will be as nearly as possible 

3fi.ooi6 

~ — -—?. = 33'9999 inches. Thus we see that the two scales 
I 1.000048 

agree almost exactly at 62°, while they differ sensibly at 72° 
I owing to the one scale being made of brass and the other 
of platinum. 

71. French standard. The French standard of length 
is the mtire which represents with considerable accuracy the 
lo,ooo,oooth part of a quadrantal arc of a meridian on the 
earth's surface. The French standard platinum mfetre made 
by Borda represents a m&tre at oX, and all the copies of this 
ilandard are made so as to denote m&tres and parts of a 
mttre at this temperature. One infetre is equal to 39.37079 
English inches ; that is to say, the length of the French 
standard platinum mitre at 32° Fahr., or o^C, bears to the 
length of the English standard bronze yard at 62°Fahr. the 
proportion of 39.37079: 36; but this will not be the pro- 
portion between these standards if compared together at any 
common temperature. The French standard is sub-divided 
wd multipiied according to the decimal scale, and the re- 
laiion between our measures and those of France will be 
wen ftom the following tables. 
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^^m 


In English feet 


^^H 




^H Millimfetre 0.03937 


0.003181 


^^H Cent i mitre 0.34J371 


0.031809 


^^H Di^cimelrc 3 -93 70^ 


0.338090 


^H Mfetre lg-i7o-!<> 


3.280899 


^^^^L Dicimitie 3937074° 


3J.S0B99I 


^^H Hectometre 3937.07900 


318.089910 


^^H KUomtlre 39370.79000 


3 J 80 .899 200 


^^Bi like manner we have 




^^^VCentiire, or square mttre 


10,764299 English iq 


^^^K.Are, w 100 squaie mtttes 


076.439934 




642.993418 


^^Bbo 




^^V^ MUlllilce. OT cubic eentimtlie 


0.06103 ="''1= '"cl" 


^^V CentiliHc, or 10 cubic cendiul^trei " 


0.61017 „ „ 


^^H Decilitre, or 100 cubic centimjitrei ^ 


6.IOJ71 ,. 


^^1 Litre, or cubic <)^clni!itr« 


61.02705 ,. „ 


^H Decilitre, or centistf re 


6io.27V^ ,. ,. 


^^H Heclolilre, or deci&Iiie 


6102.70J13 „ 


^^H Kilolitre, or Sltre, 1 




^^M or cubic mbire 


1027.05151 „ „ 



Standards of Mass. 
L92. These are sometimes termed standards of weight, 
in reality standards of mass, in the comparison 
which weight is made use of, since the weights of bodies 
the same place of the earth's surface are proportional 
llieir masses. 

If all weighings could be made in vacuo, temperal 
would exercise no influence upon our measures of m. 
But since weighings must be made in air, and since a s 
stance weighed in air is apparently lighter than in vacuo 
the weight of air which it displaces, and since the wei| 
of a certain bulk of air of given pressure depends upon 
temperature, it is necessary Co know this temperature in w 
accurate determinations: the effect is however very smalV 
The following are the standards of mass authorised by 
laws of England and France. 
7S. English standard. FormeiYy vti vVi\s toMiAvj 
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I of mass was the double pound Troy made b)' 
Erd, and it was resolved that the pound Troy should 
" 5760 grains, and that 7000 such grains should make 
e pound avoirdupois. This standard was destroyed at the 
5 of the Houses of Parliament, but was restored in a 
ly accurate manner by Professor W, H, Miller of Cambridge, 
li this difference, that whereas the old standard denoted 
K pound Troy, the new one represents one pound avoir- 
apois. Accordingly a standard and four authorised copies, 
i made of platinum, were constructed by this gentleman and 
eposited in the same places with the standard yard and its 
; and it was enacted. " that the platinum weight de- 
osited in the Exchequer shall be denominated the imperial 
tindard pound avoirdupois, and that the Tu'inrth of '' shall 
e a grain, while 5760 such grains shall denote one pound 
;TOy." 
74. Preneh standard. In France the weight of a d^ci- 
tie cubed of distilled water at ihe temperature of its 
atest densit)' (supposed equal to 4°C) is adopted as the 
Uidard of weight, and is called the Kilogramme, while the 
is a centimetre cubed of distilled water at the same 
aiperature*. The following table exhibits the relation 
n French and Engish measures of weight : — 

In English ^ins. 

Milligiamme 0.01543 

Cenligriinrae 0.15431 

Dfeigianvme '54333 

Gramme I5.43'35 

Diogrimme '543=349 

Hectogramme 1543.13488 

Kilogtamme 15432.34^80 

II wHI this be noticed thai consideralinns of tcmpcratore enter into the 

imentil conception of the French itandatd of weight, and in 10 fii it it 

■Ifcei^t ream the English pound, which h merely an itbltriry standard. We 

■""" ' ' tilte occasion to make some remarks on the cuniparalive 

;nch and English syiltnii. 
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Standards of Density. 

76. In this country it was formerly the practice to 
mine the comparative density or specific gravity of solidij 
and liquids by comparing them at 6o°Fahr. with distil 
water, also at 60°, reckoned as unity*, but the Fi 
practice is now generally adopted. For gas also the pi 
was usually stated to be a comparison at 60° with dry 
under a barometric pressure of 30 inches of mercury at 60' 
but here also the French system has been adopted. 

In France the comparative density or specific gravity ol 
solid and liquid bodies is determined with reference to thi| 
of water at its point of maximum density (supposed to I* 
4^C), and the comparison is always made at o^C. Gase% 
again, are compared at o°C with dry air at o°C under the 
barometric pressure of 760 millimetres of mercury reduced to 
o'^C. The following examples will exhibit the effect of tem* 
perature upon determinations of density. | 

Example I. — It has been determined by Regnault that the J 
weight of a litre of dry air at o°C, and under the reduced j 
pressure of 760 millimetres of mercury at Paris, is i. 29318 
gramme; find what is the weight at London of 100 cubic 
inches of dry air at 6oT«'ahr. and 30 inches barometric pres- 
sure of mercury reduced to 6o°Fahr. Now a litre is equal 
to 61.02705 cubic inches (Art. 71), also we have already seen 
(Art. 21) that 760 millimetres of pressure in Paris are equal 
to 29.914 inches in London at 32Tahr., while (by the table 
of Art. 52) we find that 29.914 inches of mercury at 32° arc 
equivalent in weight to 29.914 x 1.00278 = 29.997 inches of 
mercury at 6o^Fahr. or i5°.5C. Also i. 29318 gramme is 
equal to 19.9568 grains (Art. 74), and finally the comparative 

* A cubic inch of distilled water in vacuo at 6o*'Fahr. opposed to weight** 
> in vacuo, weighs 252.769 giains. 
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fDsities of gaa existing under the same pressure at 32'^ and 
1 60° will be (Art. 64) in the proportion of 

(i + 28 X -00104) : I or of 1.057 ■ I- 
e the required weight wili be — 
100 

< T- > 

61.02705 

Hie first factor is on account of the difference between 
I £apacitics of the two measures, the second on account of 
t difierence of pressure, and the third on account of the 
ace of temperature, 

mfile/l. — It has been determined at the Kew Ob- 

r that the weight in vacuo at 62°Fahr. of a given 

j of purified mercury is to that of the same volume 

; proportion of 13590,86 to 1001.62 grains; 

i the specific gravity of mercury at o^C according 

■'French method of computation ? We find by the 

( the absolute dilatation of mercury (Art. 5a) that a 

Vvolume of this liquid at o'^C will become 1.00298 at 

Ir., or i6°.6C. Hence the weight of the above volume 

y would ato°C be 13590.86 x 1.00298 = 13631.361 

s manner we find by the table of dilatation of water 
pthai a volume of this fluid equal to unity at 4°C will 
glCbe r.0011437. 

J the weight of the above volume of water would 
5 be- 
ll. 62 X 1.0011437 = 1002.766 grains; 
I hence the specific gravity of mercury according to 
ft French method will be — 

100Z.766 ^■'^* 
fc I determination by Regnault gives 13-596. 
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^^^b Remarks on the English and French Systems of 

^^fe Staksarss. 

^^^B 76. The English standards of length and mass 

^^^Eu'bitrary ; that is to say, a yard and a pound do not t 

F any recognised relation to any natural constant. 

On the other hand, the French chose their standard 
length, or mfetre, as that distance which was supposed 
represent the ten millionth part of a quadrantal i 
ridian of the earth's surface, while their standard of mass 
kilogramme, professed to be the mass of a d^cimfetre c 

I distilled water at the temperature 4''C. On these princi[ 

Borda constructed the platinum mfetre and the platin 
kilogramme, which have become the authorised standi 
of France. 

But whatever be the conception on which these standi 
were originally founded, it is evident /Aai when once made, 
aulhorised they may to all inlenh be regarded as arbilf 
standards. For if future and accurate investigations si 
determine that one ten millionth of the earth's 
ranlal arc is not exactly Borda's mfetre, and that a 
mfetre cubed of distilled water at 4"'C is not exactly Bon 

I kilogramme, the French nation would yet adhere to Bor( 

platinum metre and kilogramme as their standards; aiidil 
these standards destroyed, it is probable they could besi 

I replaced by means of copies. 

Nevertheless it is of importance to connect the authorised \ 
standards of a nation, always bearing in mind that they are 
in practice arbitrary, with certain natural constants supposed 
to be invariable : thus, for instance, to connect the standard 
of length with the length of a pendulum, vibrating seconds, 
or with an arc of a meridian, and also to connect the 
standard of mass with that of length, after the manner 4 
the French. 
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For it may be inferred from what we have said in Art. 45, 
lal a standard of length, however carefully constructed and 
■ell annealed, may possibly in the course of time alter its 
mgth to a small but yet an appreciable extent. 

But we cannot perhaps so readily suppose that any such 
change can take place in the length of the seconds pen- 
flolum or in thai of any arc of the meridian, and hence any 
ttflnge in the length of the standard, if such occurred, might 
detected by occasional comparisons with these natural 
itants. 

In like manner a standard mass might ultimately become 
by slight abrasion of particles through frequent use, 
'■would therefore be of importance to connect it from 
time with the standard of length. 

Another safeguard might be the construction of a standard 
BDsde of granite or marble, or of some substance which has 
brobably become cooled by a very slow natural process, 
Mnd which may therefore be supposed to be thoroughly 
wmealed. 

I We remark, in conclusion, that the French system has 
!!ome obvious advantages. In the first place, their standards 
■of kngth and mass are divided and multiplied in accord- 
(Mce with the decimal system, by which means calculation 
(it greatly simplified. Secondly, the m&lre becomes their 
Itandard of length at o^C, which is the most convenient tem- 
perature. Ag^in, although the kilogramme may not exactly 
'denote the mass of a cubic decimetre of distilled water at 
4''C, yet it does so very nearly, and hence the French chemist 
"when he knows the specific gravity of any substance knows 
slso the weight of one cubic d^cira&tre of that substance. 
Forins^nce, if a substance have the specific gravity 2.5 at 
o°C, it means that a cubic d^cimfetre of that substance will at 
the temperature of o°C weigh 2.5 kilogrammes. 

On this, and other accounts, the French or meUvfiV 
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very widely adopted 



sysLein of weights and 
by scientific chemists. 

V Effect of Temperature upon Measures of Time. 
77. The rate of a dock depends upon the time in which 
its pendulum vibrates, and that of a watch upon the time of 
oscillation of its balance-wheel. Now the time of vibration 
of a pendulum depends upon its length ; and since change of 
temperature alters the length of a pendulum, it likewise alters 
its time of vibration, the general effect being that the higher 
the temperature the longer does the pendulum become and 
the more slowly does it vibrate. In iike manner a change 
of temperature, by altering the dimensions of the balance- 
wheel of a walch and the force of the spring, will alter Its 
time of oscillation in such a manner that it will vibrate more 
slowly in hot weather than in cold. 

All good clock-makers endeavour to obviate these 
sources of error by means of certain compensations i 
which we shall now describe. 

78. Graham's morourial pendulum. The J 
first who attempted to compensate for change of. 
length of a pendulum was Mr. Graham, an KngliA* 
clock-maker. The rod of his pendulum, Fig. i8,l 
M'as made of glass, to the lower extremity of which' 
was attached a cylindrical vessel containing i 
cury. As the glass rod expands by heat the distance 



, between the bottom of the vessel which 
mercury and the point of suspension will becomQ 
greater ; but since the column of mercury restin 
on this base expands upwards its centre of gra«l 
s raised, or brought nearer the point of suspensira 
The effect of the lowering of the centre of 
^' ' ■ tion due to the expansion of the glass may thus 
counteracted by the rise of the same Aiie wi ^ft ck^vd!^ 
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Lercuty, The correction for imperfect conipensati( 

by raising or lowering the cylinder of mercury 
r a screw. 

larrisou's gridiron pendulum. Shortly after 
, Mr. Harrison invented the arrangement in Fig. 19, 
om its form is called the gridiron pendulum. The 
es represent iron rods, the light lines brass or zinc ; 
Is evident that the former, being 

to the upper cross-pieces, will 
downwards, while the latter, being 

to the lower cross-pieces, will e.\- 
wards. Hence the change of posi- 
the bob due to a change of lem- 

will be denoted by the difference 

the upward and the downward 
ins. Let Z be the length of iron 
ig downwards, and « its coefficient 
ision, also let Z' denote the length 
her metal expanding upwards, and 

its coefficient of expansion, then 
£' «' = o it is evident that the po- 

the bob will remain unaltered, 
ugh the temperature cliange. 
orreciion for timing the pendulum 

by the screw d, while that for 
t compensation is effected by 
jne of the cross traverses, 
ne respects this pendulum is better th^ 
e, for should any cause render the bob of the latter 
t warmer or colder than the rest of the pendulum, it 
it that this would produce its full effect upon the 
while the length of the pendulum rod would be littl© 

The gridiron pendulum, on the other hand, is not 
this imperfection. But here, as in other 







I 



82 



APPLICATION OF THE 



better to avoid the source of error than to trust too tnuchl 
the perfection of the compensating arrangement; and sol 
astronomers, in order to procure the greatest possib 
larity in their clock-rates, have removed the clocks themsel' 
to a place where the change of temperature is eitremi 
small. 

SO. Compensation balance for ohronometerB, S 
straight ribbon or bar be made of two metals of diEferenH 
pansion firmly attached to one another, and if the temperat 
rise, then one of these metals will expand more than the otl 
Under these circumstances the ribbon wiil bend so 
most expansible metal will form the outside or convei i 
face of the curve, and the least expansible the cone 
like manner should the temperature fall the most expans 
will form the inner or concave surface. 

Now if the balance-wheel of a chronometer be forHH 
in Fig. 20, not with one conlin 
rim. but with a broken rim of set 
separate pieces, all of which are fil 
at one end and free at the other, 
free ends being loaded ; and furt 
if each piece be composed of 
metals, of which the most e] 
S- ^°- is placed outside ; then it is 

from what we have just said, 

of temperature the loaded ends will approach 

bentre. This may be so arranged as to counteract the d 

rodt:ced on the rate of the chronometer by the matter of 

Sttheel being thrown from the centre on account of the lad 

meing lengthened through expansion. In practice, howW 

s method of compensation is very seldom perfect, and) 

of the best chronometer probably varies a httle frcnni 

mperature to another. In the Greenwich and Liverpool( 

I'atories the temperature corrections of chronometers' 




i; and Mr. Hartnup, of the Liverpool Observatory, ' 
some very interesting examples of his method of J 
I temperature correction to these instruments. 

I Applications of the Laws of Dilatation. 
3gaet's metallic thermomoter. A very sensi- 
lometer has been 
VI Bn-guet on the 
ust mentioned It 
'a spiral (Fig ai) 

of siher, gold, 
um rolled together 
form a \er\ fine 
In tins state it 
e to an exceed- 

II change of tem- ; 
becoming coiled ; 
ed, owing to the - 
expansion of the 

which the com- 
ibon IS made A 
ached to one extremity of the coil pomts to a scale % 
raduated eipenmtntalty by the aid of an ordinary 1 




)ducti(>n of barometric column When t 
af the atmosphere is eipreised in the number of 1 
mercury whith it is capable of supportmi;, m order ] 
the statement complete it is necessarj to knon the I 
re of the mercury, since this fluid has a different I 
L different temperatures. Thus we find (Art. 5') A 
nch of mercury at o'^C will denote the same atmo*l 
■essure as 1.005393 inches at 3o''C. 
r thing to be noted is that the scale, by aid c 
read the column of mercury, even it conett., O'c&iiB 
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denotes true inches and parts of an inch a.t 62"Fahr., ifitj 
of English construction, so that at any other tempera 
allowance must be made not only for the change in deJ 
of the mercury but for the change in length of the divisn 
of the scale. 

Example. — Suppose that an English barometer \ 
brass scale, correctly graduated, reads 30 inches al 45°F!U 
what is the pressure in true inches of mercury reduceid 
its specific gravity at 32°Fahr.? 

Since the scale is only correct (Art. 70) at 6a''Fahr„i 
since brass expands very nearly .00001 for i°Fahr., it] 

lows that 30 apparent inches at 45''Fahr. - - 

true inches. Also the density of mercury at 3a°Fahr.(ord 
is to its density at 45°Fahr. (or Y^aC) a 
Hence the atmospheric pressure in mercury at 32°] 
^9.995 



will be — ^' 



1.00 1 Z94 



= 29.956 inches. 



In French barometers, on the other hand, the indica 
of the scale arc correct at o°C, the same temperaturj 
which the mercurial column is reduced, while the scale il 
represents millirafetres. 

In comparing an English and a French barometer \ 
therefore necessary to reduce the indications of eacbfl 
3z°Fahr. ; that is to say, to find by the one the pressurJ 
the air in inches of mercury at 32° Fahr., and by the c 
the same in raiUimfetres of mercury at o'C. If both ii 
ments are correct, their indications should then bear to 4] 
another the sarae proportion as inches to millimetres, 

83. Expansion and contraction of metals. 

requires the application of very intense pressure to produc 

the same change of volume in a solid or liquid tmdy as ti 

which is occasioned by a very small change of tempera 

It fbllona from this that the forces excTVei ^"j wJiifia Vt ti 



Craning or expanding, or by liquids in expanding, must be 
^B£i*i'it. If a sirong vessel be entirely filled with a liquid 
Hhten sealed tightly, the vessel will burst if there be a 
^Hnerable rise or temperatufe. 

|b~ like manner il has been calculated, that a bar of 
:ht iron whose temperature is i5°Fahr. above that of 
jTounding medium, if tightly secured at its extremities, 
II draw these together with a force of one ton for each 
inch of section on cooling down to the surrounding 
nperature. 

This property was first made use of in Italy to pull to- 
ther walls which had bulged outwards. Iron bars were 
iced across the building and secured when in a heated 
lie to the walls. As the iron cooled it contracted and the 
ills were thereby pulled together. 

same device was afterwards practised in Paris, and 
IfiO in Ireland when repairing the cathedral at Armagh. 
As another instance of the advantage which may be derived 
)m the force of contraction, we may mention the familiar 
Kthod by which tires are secured on wheels ; — the lire is put 
hot, when it fits loosely, but on its contraction in cooling, 
grasps the wheel with great force. 

In all the arts it is of great importance to bear in mind [he 
tensity of this force, sometimes with the view of guarding 
punst its action, and sometimes in order to make it useful. 
Tibs bars of furnaces must not be fitted tightly at their 
ttremities, but must at least be free at one end. In making 
always also a small space must be left between the suc- 
ssive rails. 

Allowance must also be made for expansion and con- 
action in the case of tubular and lattice bridges. The 
ader who has visited the Menai tubular bridge will have 
ibserved the arrangement made for this purpose. 
For a similar reason water or gas pipes ate 6t.\.i:i \.0 
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each other by telescopic joints; and, generally speakin] 
the effects wiiich may follow change of temperature n 
always be taken into account by the constructor or 

It is probably also owing to the sudden change of voli 
' from rapid cooling that tempered steel acquires that hare 

which renders it so invaluable in the arts. 

184- Very many of the substances with which we are 
uainted may be made to appear before us, either in 
solid, the liquid, or the gaseous condition ; but there 
' others that cannot be made to change the state in w 

we End them, or can only be compelled to do so with 
great difliculty. 

Thus «e have not yet been able to freeze pure atci 
nor have we been able lo liquefy atmospheric wr. 

Heal is the well-known agent which causes change of si 
and it always acts in such a manner that a substance pi 
from (he solid to the liquid, and from the liquid to the ga: 
state, by the addition of heat, and back again in the re 
direction by the withdrawal of this agent- This law is 
universal, and the order is never reversed ; so that, altfa 
I we cannot as yet solidify alcohol, we are quite sure that 

I only chance of success hes in abstracting beat from I&n 

^^^liquid : and in like manner, although we have not as yefl 
^^^■Kreeded in melting some subs).^T\c«s, -«.-€ ?>.\« ^uie that if kJ 
^^|vr sacceed it will be by the appVicalvon ol igtta.We»-jH 
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SS. Let us in ihc first place study the passage of bodies 
rtOTn tbe solid to tbe liquid state. 

The characteristics of these states are too well known to 
Deed lengthened description, We are all acquainted with the 
rigidity and permanence of form of a solid, and with the 
excessive mobility of a liquid which enables it readily to 
»ssume the form of the vessel in which it is placed; never- 
theless, although nothing is more marked than the difference 
between the characteristic properties of solidity and liquidity, 
there is a set of bodies that possess properties intermediate 
to those of these two states, and receive the name of viscous 
bodies. Treacle is a body of this kind, 

86. If a substance be capable of assuming the viscous 
state, we find that it does so before it begins to melt, 
and that it passes gradually from a solid state through a 
il-solid viscous slate to that of a liquid of evident mobility. 
Sealing-wax is a very good example of a substance of this 
nature; when cold it is brittle, when heated it first of ail 
grows plastic and finally meks. In like manner, before 
fluidity iron loses its hardness and becomes soft to such 
I extent that pieces may be easily welded together or 
moulded into any form ; and this property of iron greatly 
enhances its value in the arts. Other substances might be 
mentioned, and a gradual passage from the solid to the 
i state characterises a large number of bodies. Further- 
more, certain substances even after they have become unmis- 
takeably solid acquire certain properties, such as hardness and 
brittleness, in greater degree as the temperature continues 
lo fall. Indeed, most of our hard bodies have high melting 
points, and the diamond, which is the hardest, is not sus- 
ceptible of fusion even at a very high temperature. 

With many substances, however, the change from the solid 
to the liquid state is very abrtipt, and such substauces ^Sot4 
tbff means of iadicating with very great precisiotv, ^a'^ \Xvca 
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altered appearance, the attainment of a certain teniperaluK 
Thus the temperature at wliich ice begins to meit is, undi 
ordinary circumstances, a constant point, and is so used il 
the construction of thermometers. 

87. But while there is a marked difference between bod 
as to the abruptness with which they change their state, then 
also a class of substances which change their compositioni 
the act of changing their state. Such are saline solulia 
In many of these a greater quantity of salt is retained 
solution at a high temperature than at a low one, so t)i 
when they are left to cool, crystals of salt are deposited. 

With weak saline solutions, such as sea salt, we have ho* 
ever a phsenomenon of a somewhat different nature wha 
the temperature is lowered. At a certain point which is 
slant for a solution of the same strength, the water solidifia 
as nearly pure ice, leaving the salt behind. 

In what follows we shall distinguish between those s 
stances which do not, and those which do, change their a 
position in changing their stat^ Also, our remarks must! 
taken as referring to substances in which the passage fra 
the one state to the other is not gradual but abrupt. 



P.\SSAGE FROM THE SoLID TO THE LlQUlI 

OR Liquefaction. 



State, 



Subatances which do not change _ 
iheir oompoBition in paseing from the e<did to t 
[quid st-ate. The following laws are observed by all si 
jVhen melting. 

r. ZrtcA substance begins to mdl al a ceriain tempera 
■which is coTtslant for ike same substance if the prtssure 4 
eonslanl. 
s. 7^ Umperature of the solid remaim al Ifiis constant f 
y^^ //fif fy'me wAen/usion commences untU il is wmtlrit. 
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^. Jf a sidfsiance expands in congelation its meliing point 
is lowered dy pressure, but if a substance contracts in conge- 
latim its melting point is raised by pressure, 

89. The following table contains the melting points of 
various substances under the ordinary atmospheric pressure. 



Table 0/ melting points. 



Name of substance. 



Mercury 

Oil of vitriol 

Bromine 

Ice 

Phosphorus 

Potassium 

Sodium 

Sulphur 

Tin 

Bismuth 

Lead 

Zinc 

Antimony 

Silver (pure) 

Gold (pure) 

French wrought iron . . 
English wrought iron . . 



Temp, of melting point. 


Fahr. 


Cent. 


-.^7.9 


- 38.8 


-30 


- 34-4 


+ 9-5 


- 12.5 


32 


0.0 


111.5 


44.2 


136 


578 


207.7 


97.6 


239 


115.0 


451 


232.8 


512 


266.7 


620 


326.7 


680 


360.0 


810 


4320 


1832 


lOOO.O 


2282 


12500 


2732 


1500.0 


2912 


1600.0 



Observer. 



Stewart. 

Regiiault. 

Pierre. 

Schrotter. 
Regnault. 

i» 
Person, 

»» 
»» 

Pouiilet. 
»» 

>f 
f» 



The higher points in this table are subject to considerable 
uncertainty. 

90. Change of density produced in the act of 
melting. It is probable that most substances expand in the 
process of melting, so that the liquid is of smaller specific 
gravity than the solid; but there are some which contract. 
Ice is a familiar instance of this last class, being considerably 
lighter, bulk for bulk, than water. According to M. Brunner 
(fils), (Art. 40), the specific density of ice at o°C is only 
0.91800, that of water at 4°C being reckoned equal to unity. 
The force with which water expands when it becomes ice is 
very great Cast iron, bismuth, and antimoiiy ^i^ o\\\^\ 
examples of expansion on soJidification. On lYve o\\\^i V^^ccv?)., 
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mercury, phosphorus, gold, silver, copper, and many 
substances, contract as they become solid; and this is 
reason why coins of these three last mentioned metals 
be cast, but require to be stamped. 

91. Iiatent heat of fusion. When heat is applied 
a pound of ice at the temperature of oX, the ice is not ii 
stantly converted into water, but the process is very gradi 
The reason of this is that a large amount of heat must 
enter into the pound of ice at o° before it becomes 
at o°. This heat is called latent, because it is absorbed 
the ice without producing any rise of temperature ; and 
may represent the process of liquefaction to ourselves by 
following formula: — 

Water at o° = ice at o° + latent heat 

All substances in passing from the solid to the liquid stale 
absorb heat, and we shall afterwards shew how the amount 
of this may be measured. That absorbed by water is very 
great. The doctrine of latent heat was first taught by Dr. 
Black of Edinburgh. The great latent heat of water serves 
to retard the melting of snows. If snow or ice at 32° were 
suddenly to be converted into water by the smallest addition 
of heat the inhabitants of valleys would be exposed to terrific 
inundations, whereas by the gradual melting of ice this is 
prevented, and by the same means also these inhabitants arc 
furnished with a continuous supply of water. 

92. Influence of pressure upon the melting poiiit 
Professor James Thomson of Belfast anticipated theoretically 
the truth that the melting point of a body which expands in. 
congelation would be lowered by pressure, while that of a 
body which contracts in congelation would be raised by it 
We shall afterwards give the reasoning by which this con- 
clusion was arrived at; in the meantime we will content 

•selves with stating that his brother's idea was verified 
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experimentally by Professor Sir W, Thomson of Glasgow, who 
ahewed thai by a pressure of 16.8 atmospheres the freezing 
point of water (a substance which expands when freezing) 
«-as reduced o°,23a Fahr, (o", 13C). 

These conclusions are in accordance with certain experi- 
menls originally made at Quebec by Major Williams and 
repeated by Boussingault, which shewed that when the re- 
sistance of the envelope surrounding freezing water exceeds 
the expansive force developed, ihat resistance prevents the 
(onnation of ice so that the water will remain fluid. 

Bunsen afterwards found that the melting points of paraffin 
and spermaceti, both of which contract when freezing, were 
raised by the application of pressure. Thus spermaceti 
solidified at ^■]°.-}iC under the atmospheric pressure, but 
under a pressure of 156 atmospheres it solidified at 5o°.89C. 

Hopkins made similar experiments, not only on sperma- 
ceti, but also on was and stearin ; and finally, Mousson, by the 
enormous pressure of 13000 atmospheres, was able to lower 
Ihe temperature of freezing water from o'^ lo — tS°C 

93. AUoja and Flusea. The fusing point of a mixture 
of bodies is often considerably lower than that of either of its 
components : thus, for instance, an alloy of five parts of tin 
and one of lead fuses at 194^0. In like manner Rose's 
(iisible metal, consisting of four parts of bismuth, one of 
lead, and one of tin, fuses at qi'C, a temperature lower 
than that of Iroiling water. Alloys are much used in solder- 
ing and in taking casts. 

Similar results are produced by mixing salts logelher; 
ihus a mixture of the chlorides of potassium and of sodium 
melts at a lower temperature than either of its constituents. 
A mixture of equivalent quantities of carbonate of sodium 
and carbonate of potassium melts below the fusing point 
of either salt aeparalely, and is used to facilitate Ave fci?!\o^ 
ofcenaia minerals in analysis. In like manner, ftuTLes vxx. 
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substances which, when added to an ore, promote the form 
ation of a fusible medium. 

94. Solution. Substances which change their com 
position in passing from the solid to the liquid state 
If we have a standard solution of any salt at the bottom o 
which are crystals of the same salt, as long as the temperatur< 
remains the same there will be no change in the aspect o: 
these crystals ; but in most cases a rise of temperature wiE 
cause some of them to dissolve and assume the liquid state. 

95. Freezing mixtures. In solution, just as in fusion, 
a certain quantity of heat becomes latent ; and this is some- 
times taken advantage of to produce intense cold. If two 
solids, or at least one liquid and one solid, on being mixed 
together produce a compound which is not solid but liquid, 
we have generally the production of cold. 

The theory of freezing mixtures has lately been studied by 
Professor Frederick Guthrie (Proceedings of the Physical 
Society of London, 1875). He took in the first place some 
weak brine (one part of chloride of sodium and 24.2 parts ol 
water) and found on subjecting it to cold that pure ice began 
to be formed at — i°.5C. This formation of ice continued, 
and the temperature sank until — 2 2°C was reached, the 
brine of course always becoming richer and richer in salt. 

He next took saturated brine and found that the applica- 
tion of cold caused it to become poorer and poorer, thus for 
instance : — 

Per cent. 

Saturated brine at o° contained 26.2724 of NaCl 

Mother liquor after keeping at — 10° „ 24 6528 „ 

-16° „ 241182 „ 

„ » -21" to 22'' „ 23.8874 



It is thus clear that down to —22° the solidification im- 
poverishes the brine, a result which Professor Guthrie re* 
" s is inconsistent with the formation of ice alone a* 
case of weak brine. He next took a quantity ol 
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brine which had been impoverished by being kept for an 
liour at — 2 1° to — 2 2° and subjected it 10 still greater cold, 
wlien the whole solidified and the temperature remained 
constant until the last drop had frozen; it then sunk 
rapidly. 

The next remark is, that a salt-ice freezing-mixture is 
just capable of impoverishing saturated brine by withdrawal 
of salt-rich ingredietats to such an extent that the unsolidified 
part is homogeneous in the sense of being solidifiable as a 
*hole. Therefore —22° is the lowest temperature to be got 
by an ice-salt freezing misture. 

Also the liquid portion of a salt-ice freezing mixture is 
i brine of such a composition as to resist solidification at 
the temperature of the freezing mixture. And hence the 
liquid porlion of a freezing mixture has the same composi- 
tion as the mother-liquor of a saturated brine from which 
ihe salt-rich ingredients have been separated by the external 
iq)plication of a freezing mixture. 

These conclusions, which extend to other substances be- 
sides Na CI, are next shewn to be favourable to the precision 
of the temperatures given by freezing mixtures, and accord- 
ingly Professor Guthrie finds that such temperatures are 
very constant and comparatively independent both of the 
lemperature of the salt employed and of the exact pro- 
portion used, and he appends ihu following table in which 
low temperature is obtained by mixing the salt with from 
ihree to six times its weight of ice in lumps of the size 
of a pea downwards. 
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Frcising Mixtures. 



Cu Ci, . 

XI . 



NaO 

MgCl,4 6H,0 , 
SrCl, + 5H,0 ... 

iNH,,SO, 

NH.Br 

NH.NO,. , 



JiKO, . 




96. Influence of proBsure upon solution. Mr. So 

(Proceedings of the Royal Society, vol, xii., April 30, 181 

has found thai pressure escrcises upon the solubility of si 

an influence analogous to that which it exerts upon the m 

ing points of bodies. Thus, when the united volume of 

water and of a salt after solution is less than that of 

I water and salt separately before solution, or, in other woi 

where solution has diminished the volume, he finds that 

efl"ect of pressure is analogous to that which takes pi; 

I where ordinary fusion diminishes the volume. In this c 

I the solubility is increased by pressure, just as in the era 

spending case the liability of ice to melt is increased 

f pressure (see Art. 92). Again, where solution has increai 

I the volume (as, for instance, where sal-ammoniac is dtssob 

I in water), pressure lessens instead of increasing the solubilS 

I Bit 



Passage fhoh the Liquid to the Solid State, 
OR Solidification. 

07. Bubst&ncea which do not c^iau%e their com] 
eition in paasing from tb.o liquid. \x> ftis wja^ * 
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^e have here two laws of the same nature as those which 
regulate fusion. 

1. Every substance under ordinary drcumslances solidifies 
ai a fixed temperature, which is the same as thai of fusion. 
' a. The temperature of the liquid remains at this constant 
pdnt from the time when solidification commences until it is 
tvmpltte. 

\ If a liquid be allowed 10 cool very slowly, in becoming 
Solid it often assumes the crystalline form, but most 
■tequenily we have the vitreous or amorphous state. The 
Ifciystalline is, however, the most natural condition, and it 
^Mfill always be assumed when the particles have sufGcient 
time to fall into their proper place ; and even after substances 
;have become solid molecular change in the direction of 
teystallization often takes place. Thus brass or silver if 
Biq>ealedly heated and cooled becomes brittle, and exhibits a 
tCfyatalline structure. In like manner, a cannon that has been 
[often fired will at last burst in consequence of a change of 
lOiis kind; and the vibrations to which the axles of railway 
I carriages are liabie gradually destroy the fibre and toughness 
'■ ol the iron, rendering it crystalline and brittle. 

98. It is possible to lower the freezing point by various 
means. Thus pressure acts in lowering the freezing point 
of water just as it acted (Art. 92) in lowering the melting 
point of ice. 

Again, water deprived of air and allowed to cool very 
slowly and without agitation may be reduced to — e^C while 
stiD retaining its fluid state, and if it be enclosed in a tube, 
its surface covered with a film of oil, and the pressure of the 
sunosphere withdrawn, it may be reduced to — la^C: but 
under these circumstances the smallest agitation or the 
presence of a bit of ice produces solidification. More 
Wently M. Dufour has shewn that globules of water aus- 
Pmfcd in oil remain liquid between the cxtTeme Xem^n- 
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tures — 2o°C and + i78°C. Very frequently a glass vessel 
filled with water may be found liquid on a cold mornings 
but the addition of a small piece of ice will, in a very' few 
seconds, entirely change its appearance. 

This sudden formation of ice is accompanied by a rise of 
temperature of the whole liquid, which mounts to the freezing 
point of water. The reason of this is, that ice requirii^ 
much less heat than water, leaves a quantity of heat free to 
raise the temperature of the whole liquid. 

Capillary attraction appears to retard the formation of ice; 
and M. Despretz has found that in fine capillary tubes water 
may be lowered to — 2o°C without solidification. This cbp- 
cum stance probably explains why the sap is not oftener 
frozen in the capillary vessels of plants. 

99. The great amount of the latent heat of water, combined 
with the fact that ice is lighter than water, are facts of great 
importance in the economy of nature. To make this clear 
let us see what occurs when a lake is frozen, supposing that 
the cold influence or abstraction of heat takes place over the 
surface of the lake. As the upper layer of water is cooled 
down it becomes heavier and sinks to the bottom, beii^ 
replaced by a warmer and lighter layer from below: this 
process will go on until the whole water of the lake is reduced 
to 4°C, the point of maximum density of water. When this 
temperature has been reached the process above described 
is at an end, and any further cooling of the upper strata will 
not cause them to sink, since they become specifically lighter 
below 4*^C. 

When the surface of the lake has been cooled down to 
o C it will begin to freeze, but the process of freezing will 
go on very slowly, since a great quantity of heat must be 
taken from water before it becomes ice. 

Again, when a layer of ice is once formed it does not 
nk to the bottom, but remains on the top, so that the 
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nfliience cati only freeze a second layer through the 
fflbstance of the first, and so on. The ice formed thus pro- 
Kcls the water below, which remains at 4°C, a lemperature 
which is not destructive to animal life, 

100. Regelatlon. Faraday was the first to observe a 
»ery ciirious property of ice. Two pieces of thawing ice if 
pot together adhere and become one ; and this adhesion will 
bke place in air or in water, or in vacuo. It would also 
3 be independent of the application of pressure ; and. 
provided the surfaces be smooth, when they are brought into 
e slightest contact, regelation ensues. Nor is it necessary 
thai both surfaces be ice, for woo! may be made to adhere 
to a block of thawing ice after the manner of regelation. 
The same thing takes place when a snowball is formed. 

lOL Probably the true explanation of this phenomenon is 
tiut advanced by the late Principal Forbes. He adopts the 
I of the gradual liquefaction of ice which was deduced 
bj' Person from Regnault's experiments on latent heat, and 
sopposes that true hard ice does not pass at once into water, 
bat that there are intermediate at^es in the process of 
B<|Oefaction. The temperature of the true hard ice is by 
tfaia hypothesis essentially somewhat Jess than that of the ice- 
uild water, and the substance corresponding to the inter- 
mediate temperature is supposed to appear in a slightly 
viscous or plastic state, being as yet neither quite solid nor 
quite liquid, and also possessing probably less than the latent 
hrat of perfectly fluid water. In fact, ice in melting is here 
»upposed to be similar to sealing-wax or wrought iron, both 
of which substances require a considerable range of tempe- 
1 order to pass from the solid to the liquid state, 
while we may imagine that the whole latent heat is not 
ri^uired until perfect fluidity is reached. The difference 
en ice and wrought iron in melting wou\d XkcirfQie 
? of abruptness of transition. In ice the c\va.Tist,e "vfr- 
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scomplished throughout a very small temperature ratij 
1 iron it requires a very large one. The subjoil 

figure win approit^ 

mately represent tbe 

state, as regards teill* 

perature, of a cubit 

block of thawing irf 

on this hypothesis. 

102. Our cono 

tion of latent h 

(Art. 91) will reqi 

to be somewhat i: 

dified ia order 10 I 

the hypothesis of { 




Fig. J 




liquefaction, and we may represent to ourselves wt 
:s place by means of the following diagram [Fig. 23). * 
Let the whole range of tempei 
ture between the commencement U 
the end of the process of liquefacliS 
be denoted by AD, and subdivu 
into equal parts AB, BC, CD ; 
Iet^j4' denote the whole heal of 
body at temperature A ; and ! 
posing there were no such thing ' 
latent heat, let BB" denote the 1 
of the body at temperature 3, { 
its heat at temperature C, and O. 
its heal at temperature D. 
latent heal will however have tO ■ 
added to these heats, in order 1 
express the total heat of the \ 
the various temperatures. P^xpressiiig this latent 1 
rA is supposed to increase graduaW^ bevwccn ttie i 
rmiUKS A and D, by & S',C C\H »'. ■«'' 



Fig. J 



L 



the whole lines BB", CC", DIf' denoting ihe whole heat 
sensible and latent logether, of the substance at the respec- 
live temperatures B, C, D. 

103. If now it be assumed that hard ice is essentially 
colder than ice-cold water, wc can easily see why two wet 
pieces of ice will have the water between them frozen when 
ibey come into contact. For the ice on balk sides of the 
layer of water will now be colder than it, and hence a new 
distribution of heat will take place, the consequence of which 
will be that the water will be frozen, becoming as it were 
the centre of the block. 

101. It might be said that the laws of conduction 
against this hypotliesis, and that we cannot conceive a piece 
of ice entirely surrounded for a considerable time by water 
at o°C, or a iittle over it, to have in its interior a tempe- 
rature lower than o'C, however small we may imagine this 
difference to be; but we think this objection must vanish 
it be assumed that the supposed intermediate states between 
ice and water correspond to intermediate quantities of latent 
heat. For in this case the heat which is conducted from the 
outside into the body of a block of ice is not altogether 
influential in adding temperature, since in each small addition 
of temperature a certain quantity of heat becomes latent 
Let us consider, for instance, what would take place if 
large mass of sealing-wax were to be gradually melted by 
agitation in a pan of liquid sealing-wa.': over the fire, 
the heat was conveyed to the lump of wax, envelope after 
envelope would become liquid and drop off, mi.'iing with the 
liquid mass until a very small solid nucleus was left : but as 
long as there was left a solid nucleus, however small, we 
should stirely be entitled to assume that the temperature of 
the centre of this nucleus was lower than that of the melted 

We imagine thai there is no impossibiVily m cOT\cfe\v 



that something or the same kind takes place in ice. H 
will no doubt be conveyed into the interior of a block of ic 
that is left for a long time in water a little above o°, b 
heat (as remarked by Principal Forbes) will exhibit its 
rather in diminishing the size of the block of ice than 
completely equalizing its temperature throughoi 

105. Assuming this objection to be answered by the 
remarks, there are three questions started by the hypothei 
which can only be decided by esperiment. 

1. Is the interior of a block of ice in fact colder i 
the exterior? 

2. Is the interior of such a block harder than the extcrig 

3. Does soft ice possess more latent heat than '. 
ice? 

With regard to the first of these points certain expi 
ments made by Principal Forbes would seem 10 indicate t| 
the interior of a block of ice is slightly colder than the t 
terior. For, in the first place, he found that a ther 
buried in the heart of a block of ice fell decidedly bel 
o°C, and he also found that rapidly-pounded ice was col< 
than melting ice. This last experiment has been tried 
the author of this work with the same result. With i 
gard to the second point, Principal Forbes has remat 

I that the surface of a block of ice is much softer than I 

cold ice. With respect to the third point, Person's dedl 
tions from Regnault's experiments are in favour of the ^ 
that soft ice possesses more latent heat than hard ii 
the whole, we- think the gradual liquefaction of ice is a vi 
which appears not only to be supported by analogy, !)«■ 

I be the best explanation of observed facts: nevertbelets' 

would be desirable that this view should be confirmed 1 

I further experiments. 

^^^k 20d. Substances which, changa their oompoaitl 

^^^^passing fi-om the liquid to th.o soU& a\aX». 
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k solid is dissolved in a liquid uniil it reruses ti 
fcny further, we have what is termed a saiuratcd solution. 
|Bu[ what is a saitirated solution at one temperature will not 
pe so at another. In general, a hot liquid dissolves more 
Bian a cold liquid. The consequence is that, if the teni- 
geralurc of a saturated solution be diminished, we have a 
Bt^sition of solid matter in the shape of crystals, and the 
Bijuid which is left behind is saturated for the reduced tem- 
[peralure. If the solution contain two salts of unequal solu- 
bility, of different crystalline forms, and iiaving no chemical 
action upon each other, a greater or less separation of these 
fc«o salts may be produced by crystallization; by this means 
pkre is ptu-ified from common salt. 

' 107. Solutions are subject to the same anomalies as water 
iod the like liquids. Thus if we have a solution of Glauber's 
bit at a high temperature, and if it be allowed to cool 
padually and at rest without the admission of air, it will 
■Wain the salt in solution, even though the temperature be 
(lach reduced. But if it be agitated, or if air be admitted, 
it, better still, if a crystal of Glauber's salt be dropped into 
1, crystallization will immediately commence, attended, as 
Sn the case of water, with a rise of temperature. 

LMr. C. TomUnson has lately made a series of very inter- 
ing experiments on supersaturated saline solutions, and 
'las come to the conclusion that those substances which 
induce crj'stallization do so in consequence of not being 
fchemically clean. Thus a chemically clean glass rod will 
ilave no effect, but if it be dirty it will caus; the deposition 
•of salt from the solution. 

f 108. If instead of a saturated solution we have a weak 
[solution of certain salts, such as sea water, this, when lowered 
■in temperature, will change its state in a different way. At 
■i temperature which is always lower than the freezing point 
"of water such a solution iviil freeze, producing a. \i\ii«; \te 
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and leaving the salt behind. We have already recorded: 

i 

the experiments made by Professor Guthrie on this subject 



CHAPTER VII. 
Change of State. — Production of Vapour and its Condemaim. 

109. When sufficient heat is applied to a body it generalif 
assumes the gaseous state; unless it be of such a nature 
that it will under ordinary circumstances be decomposed 
before assuming this state. By means of a certain appli- 
cation of electricity, it is probable that the most refractoiy 
substances, such as carbon, can be made to appear as gases, 
although only in very small quantity. 

Generally when a solid passes into the gaseous state it 
first assumes the intermediate state of a liquid, but soIn^ 
times its passage into the gaseous state is completed without 
the intermediate form of liquidity being assumed. This is 
called sublimation; while the passage of a liquid to the 
gaseous state goes under the general name of vaporization. 
In whatever way the gaseous condition is produced it always 
requires a considerable amount of latent heat. Thus a 
pound of water at ioo°C will absorb a great quantity of heat j 
before it is entirely converted into steam, although the stfeun : 
does not possess a higher temperature than ioo°. In the! 
same manner as before we may apply the following formula, j 
and say — 

Steam at ioo° = water at 1 00° + latent heat of steam. 

The latent heat of gases is greater than that of liquids, 

d we shall afterwards shew how it may be measurei' 
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rrhis latent heat has to be disposed of in some sensible 
■form, when the gas which possesses it is reconverted into 
a. liquid, and thus the latent heat of gases is of great 
sen'ice in retarding the change from the Uquid to the 
r from the gaseous to the liquid state, which, but 
: great latent heat of gases, would be inconveniently 



^tic fluids have been divided into gases and vapours, 
t the distinction between these is merely conventional. 
L v^our denotes a substance in the gaseous form which 
f ordinary temperatures appears as a liquid or solid, while 
i, gas denotes a substance which under ordinary circum- 
imces appears in the gaseous form, and which can only be 
jdnced to the soUd or liquid form by intense pressure or 
piense co!d. Our subjects may ^e divided into the following 

1. Vaporizarion, or the conversion of a liquid into a gas ; 
[and sublimation, or the conversion of a solid into a gas. 
i 1. Liquefaction and solidification of vapours and gases. 
[ 3. Pressure and density of vapours and gases, with a few 
liemarks upon hygrometry. 



VAPORIZATION J 



> SUBLIMATION. 



110. Vaporization is the general name for a process of 
■which there are three varieties, namely — 

1. Evaporatiim, where a liquid is converted into a gas 
qniedy, and without the formation of bubbles. 

a. Ebullilion, where bubbles of gas are formed in the 
Ijnass of the liquid itself. 

3. Vaporization in the spheroidal condition, where a liquid 
'■ evaporates slowly, although in apparent contact with a very 
■ boi substance. 

111, Vapours are formed in vacuo more readily 

I than in wr. The presence of air or of any foTd^u ^-i?, 
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retards the formalion of vapours, but in vacuo a liquid is 
quickly converted into vapour. If a small quantity of 
alcohol, or ether be introduced up through a barometer tube 
into the Torriceliian vacuum at the top, as soon as it reaches 
this it is converted into vapour, which shews itself by lower- 
ing the column of mercury by means of the pressure which 
it exerts. This column, which originally denoted the pres- 
sure of the atmosphere, now denotes the pressure of the 
atmosphere minus the pressure of the vapour of the 
hquid. 

112. Maximum of pressurg in vaoao. If we continue 
to introduce an additional quantity of (he volatile fluid into 
the Torricellian vacuum of a barometer, we shall at first 
probably perceive an additional depression ; but as we go 
on we shall find that the depression does not increase 
beyond a certain limit, or, in other words, the pressure of 
the vapour we have introduced has reached a maximum, 
and the introduction of more liquid will not increase the 
density of the vapour. We shall further find that the 
maximum of pressure is regulated by the temperature 
such a manner that the higher the temperature the highci- 
is [he maximum pressure, so that we are enabled to deduce' 
the following law, first discovered by Dallon; 
desHlule of air the vaporisation of a liquid goes on 
the vapour has attained a determinate pressure dcpmdenl 
Ike temperature, so that in ei'ery space void' of air which 
saturated with vapour determinate vapour pressure cort 
to determinate temperature. 

The pressure of vapour corresponding to a given 
rature differs of course with the nature of the substanc 

hich is vaporized. Thus the pressure of the vapour 
water at ordinary temperatures is much greater than 
of the vdpour of mercury, whi\e the \a'^ow& of i\cqVioI 

frhat-e stilt higher pressures. 



113. Mixturea of gas and vapour in a confined 
fipaae. The experiments of Dallon lead to the following 
law :— /« o space filled wilH air the same amount of waltr 
rtsaporalcs as in a space deslilitte of air ; and precisely the 
same relation subsists between the tiviperature and the pres- 
sure of the vapour, whelher the space contains air or no. 

Thus if a closed space contain air of the pressure of 
30 inches at a temperature for M'hich the pressure of aqueous 
vapour is z inches, and if a little water be introduced, the 
pressure will rise to 32 inches; while if the same space 
void of air the pressure of the aqueous vapour will of course 
be 2 iiiches. This law of Dalton has been verified by 
Gay Lussac. More lately, Regnault has made experiments 
OD this subject, and has investigated the pressures of the 
vapours of water, ether, bisulphide of carbon, and benzole, 
both in vacuo and in air. He has found that the press 
in air is always slightly less than it is in vacuo, the difference 
being greater for volatile liquids ; but he is inclined to 
believe that Dalton's law is true in principle, and that the 
differences which he observed were caused b>' the hygro- 
scopic properties of the sides of the chamber which contained 
the vapours. 

U4. Mixed liqnidB in a confined apace. Where a 
mixture of liquids is allowed to evaporate in a closed space, 
Gay Lussac inferred that the pressure of the mixed vapour 
was equal to the sum of the pressures of the twO' vapoui 
lafcen separately, 

Magnus and Regnault have found that this holds for 
mixture of bisulphide of carbon and water, or of benzole 
and water, of which the components do not dissolve each 
other; but in other cases it does not hold. 

Thus for a mixture of ether and water the pressure v. 
scareelv higher than for eiker alone. If the \\qv»i% ^\x. 
readUj' together in all proportions, then the vapoui -^tessMi^* 
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is generally less than that of the one liquid 
that of the other. 

115. Efibct of chemical affinity 

If water be put into a confined space along 
stance which has a great attraction for it and does 
readily part with it, the vapour density may be much 
minished. Thus if a small quantity of water be mixed t 
a large quantity of sulphuric acid, the acid will retain 
water and will not suffer any of it to evaporate. 

On the other hand, if we have a large quantity of wa 
and an exceedingly small quantity of acid, we shall have v 
nearly the usual pressure of vapour. 

Between these two extremes we may prepare aoIutionJ 
intermediate strength which will diminish to a greater or 1 
extent the pressure of aqueous vapour corresponding to 
temperature of observation, 

A similar rule will hold for other solutions; and ifi 
substance mixed with the liquid whose pressure in a » 
(if gas is sought be a fixed and not a volatile body, 
tendency will generally be to prevent the liquid from c 
porating', and thus to diminish the pressure due to vapour. 

116. Pressure when two vessels at different 

paratures are in communication with each c 

L In Figure 24, 




let A be surrouniieJ 



»ilh ice. and let beat be applied to B, so that we may sup- 
pose A to be at the temperature of melting ice and B to be 
ft) loo'C. In this case the pressure of the vapour in A will 
[hardly be one-fifth of an inch, while in B it will be 30 inches, 
opening the stop-cock, there will of course be a rush 
IT from B to A, and we may suppose that for a 
!Dt the pressure of the vapour will be the mean between 
'o original pressures, but the effect of the cold surface 
A wi]| be lo condense this vapour and to render it as 
as possible equal to the pressure at 0°, viz. one-fifth 
an inch. If there be water in B more vapour will rise 
A.'there to be condensed as before. In fact, 
apparatus will now act as a still, and the water of B will 
gradually transferred to A. The latent heat, set free by 
large quantity of vapiour which is condensed at A, will 
course lend to raise the temperature of A ; but provided 
temperature be kept steadily at or near 0° by a suffi- 
[y powerful application of cold, the pressure in A will 
igement be kept very low, while the pressure of 
ipour in B will be somewhat higlier than in A, and the 
dynamical effect of this inequality of pressure in these two 
Wssels will be represented by the rush of vapour from B lo 
The intensity of this rush will depend on the intensity 
*f the source of heat : if the heat which enters B be sufli- 
dent to produce a large quantity of vapour in a short time, 
this vapour will rush very fast towards A, and a powerful 
freezing mixture will have to be applied in order to keep 
down the temperature of A, but if the source of heal be 
feeble the rush will be feeble also; in fact, by this arrange- 
ment the vapour of water may be regarded as a vehicle for 
transferring the heat from the source at R to be spent in 
iiljuefying the ice or freezing mixture, or to be otherwise 
disposed of at ^. 
If in the first part of this experiment, when the cocfe C v 
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shut, the vessel B contains no water in a liquid form, but is 
entirely filled with the vapour of water at loo**, then when 
C is opened this vapour will be almost immediately con- 
densed at Aj and an approximate vacuum will be foniied. 
We shall afterwards see how this principle has been applied 
by Watt in the steam-engine. 

It will be evident that the perfection of vapour as a vehide 
for carrying heat^ as described above, depends upon the 
absence of air in the arrangement of the experiment 

For if A and B be filled with air, each particle of vapour 
which is carried from ^ to ^ must pass- through all this air,' 
and the transmission of vapour will in this case be very 
difficult. Professor O. Reynolds (Pro. R, S., May, 1873) 
shows that a small quantity of air in steam does very much 
to retard its condensation upon a cold surface. 

The following are various useful applications of the pro- 
cess described above. 

117. Distillatioii. The subjoined figure will represent 
this process. The liquid to be distilled away is contained in 
A, It generally exists combined either with some fixed im- 
purities or with some other liquid less volatile than itseft 
and the object of distillation is to separate it from these. 
This is done by applying heat to A and by attaching to it a 
tube, as in Fig. 25, the other extremity of which passes in 
coils through a vessel of cold water. The liquid is vaporized 
by the ai)plied heat, and is then driven through this tube, but 
as it passes through the coils immersed in the cold water 
(technically called the worm)^ a comparatively large surface 
is exposed to the cooling agent, and the vapour is rapidly 
condensed, passing in drops from B into a bottle prepared 
to receive it. The vessel C through which the worm of the 
slill passes must be kept cool ; this is done by constantly 
«^upplying it at a low level with cold water by means of* 
I 21 D, and by withdrawing the hotter and therefore 
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.ghler layers of the water at C; a constant current of cold 
irate r is thus made 10 circulate through the vessel. 



> 




118. Cold due to evaporatioo. Freezing apparatus. 
Whenever vapour is produced a quantity of heat is rendered 
latent. This heat is necessary to the formation of vapour, 
ind must be supplied either from some foreign source, or, 
if this be not available, from the very liquid which is being 
toaporated. In this last case the temperature of the liquid 
fells in order to supply the beat necessary to the existence 
■of vapour. 

Leslie was the first to freeze wat«r by means of the drain 
,*>f heat caused by its own evaporation. 

In his experiment a vessel. Fig. 26, containing strong 
'Sulphuric acid is placed under the receiver 
lOf an air-pump, and above it a thin metallic 
Vessel containing a little water. As the 
Receiver becomes exhausted the water eva- 
porates more and more rapidly, and the 
Vipour, as fast as it is formed, is absorbed 
by the sulphuric acid. The vapour thus 
becomes a vehicle for carrying heat from 
the metallic vessel, and the consequence Y\g. ifj. 
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h a diminution in temperature until ice is forniei 
pumps are now constructed by means of which water 
be frozen almost in the very act of boiling. They a 
reservoirs of sulphuric acid into which the vapour diai 
from the water is forced at each stroke of the pump. 
An instrument called the cryophorus, or frost earril 
{Kpiios frost, ijiopos hearing), vEry similar to that of Y\%. t 
is sometimes used to shew the freezing of water from it 
evaporation. Thus if we suppose all the water to be 
and only vapour of water without air in A, and if A is cooh 
by a powerful freezing mixture, while B is not exposed I 
source of heat, then rapid evaporation of the w 
take place, and this vapour will go to A and be conded 

there as fast as it is formed. 

Heat is thus carried, as before, from B to A, but a 
f is now no source of heat at B the water there must part' 
n heat in order to furnish that which is necessai] 
! evaporation, in consequence of which it wil! be frozeoi 
I tills experiment it is well to protect B from the inl 
I currents of air. 

When other liquids and mixtures more volatile than H 

j-e used in this manner, a very intense cold may be | 

I duced. Thus by the evaporation of liquid sulphurous 

L% degree of cold is obtained suffidently strong to A 

^ry. 

By a mixture of solid carbonic acid and ether Fan 

I ■obtained a degree of cold which he estimated at —in 

[ and more recently, Natterer, by mixing liquid nitrous oiS 

h bisulphide of carbon, and placing them both in 

has obtained — 140'C. 

In hot climates porous vessels called aicarazas u 

cooling water. The water reaches the outside t 

hires, and hence a continual evaporation is going 

iDy when the vessels are placed in a current Of jlH. ■ 
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MM. Carr^ and Co. of Paris have invented 
fenious freezing machine, which was exhibited 
Ltthe International Exhibition of 1863. 

This apparatus is represented in Figs. 27 and 
trong vessel of wrought 
TOn three quarters filled 
»ilh a concentrated solu- 
ion of ammonia. B is 
I strong wrought iron 
Areolar condenser hav- 
ng a central space suffi- 
Sendy large to receive 
be vessel D. The pipes 
ire so arranged as to 
prevent the liquid from 
toUing over into the con- 
tenser. Before using the 
Rstrument it is laid upon 
toout 10 minutes, so ; 
he condenser to drai 
Bcilitated by heating 
be condenser slightly 
riih a lamp. The 
Irocess consists of two 
BTts. In the first of 
hese, Fig. 28, the 
ciler is healed very 
iradually by a char- 
oal chauffer, or other 
Dnrce of heat, while 
ae condenser £ is 
ept in a vessel through 
'hich a stream of 
Did water is constan 



side, boiler downwards, for 
to allow any liquid that may be in 
back into the boiler, and this is 




tly flowing. As the resuU o^ v\\\'a 



ii 
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process, the ammoniacal gas separates from the water and 
is condensed bv its own pressure in B, and the heating ti 
allowed to go on until a thermometer attached to the boiler 
indicates about 132^^0, at which temperature it is presumed 
that nearly all the ammoniacal gas is condensed in B^ while 
all the water remains behind in A : the second part of the 
process next begins. 

The apparatus is now withdra^-n from the fire ; the water 
is allowed to nm out of the orifice B through a hole in the 
bottom ; this orifice is then stopped with a cork, and the 
cylinder D containing the liquid to be frozen is put into B^i 
little alcohol having been previously introduced in order to 
establish a liquid communication between the sides oi Bvak^ 
D\ the vessel A (Fig. 27) is now plunged into water which 
is kept cool, while the condenser is wrapped round widi 
flannel, which is well known to be a non-conductor. The 
temperature of A now falls ver}- rapidly, and as the water 
in A reacquires its powder of absorbing ammoniacal gaSi 
this gas rises ver}- abundantly from B^ and is condensed 
in A. 

In consequence of this rapid evaporation B becomes 
intensely cold, and if it contains water this will be frozen, 
^lercury may also be frozen by this means. 

As the success of this instrument depends upon its being 
devoid of air, there is an arrangement of the following kind, 
by which any air can be got rid of. (r is a small cup whidi 
is always kept full of water, and in it works a screw, so that 
when relaxed it opens up an exceedingly small entrance into 
the interior. When the temperature of the boiler has risen to 
about 6o''C the screw is slightly loosened, and the disen- 
j^agcd ammoniacal gas is rapidly absorbed by the water in G. 
^f any air be present, this will be seen by its rising to the 

face, and the channel must be kept open so long as sui 
appearance of air continues, but when the gas is wbollj 
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dissolved by the water, the screw must be again tightened 
and the operation of heating continued. 

A portion of the boiler at D, Fig, 28, is made of metai 
irfiich will fuse below thai temperature at which the pressure 
of the steam would burst the boiler. This arrangement acts 
iberefore as a safety-valve. 

119. FreBsure in com muni eating vessels filled with 
air. Dalton, as we have already mentioned, was the first to 
I shew that in a space filled with air the same amount of 
water evaporates as in a space destitute of air; and that 
I precisely the same relation subsists between the temperature 
I'and the masiraum vapour pressure whether the space con- 
'lains air or not. Unfortunately there has been based upon 
this experimental result a theory which is on(y a possible hui 
jino/ a necessary result of these experiments. It has been sup- 
posed that no mutual relation whatever exists between vapour 
and air, and that they remain near each other without pro- 
jducing the slightest mechanical effect upon one another. 
'This theory has come to be too much regarded as a neces- 
sary result of Dalton 's experiments, although certain observa- 
tions made by Bessel, Broun, Welsh, and others seemed to 
be incapable of explanation by it. Dr. Lamont of Munich 
has devised a crucial experiment, ihe result of which has been 
lo refute this hypothesis. The arrangement adopted was 
of ihe following nature. A glass tube, bent as in Fig. 29, 
has at one end a globe K, while the other end e is left 
open to llie atmosphere ; y is a drop of quicksilver, which is 
capable of moving backwards and forwards along de. The 
curved part ckd oi the tube is plunged into a vessel BB 
filled with cold water, while into the vessel AA, in which the 
globe A' is placed, cold and warm water can alternately be 
poured. The experiment was of the following nature : sup- 
pose that before commencing it the tevnperaluve oi l\\ft\iVti\a 
tpparatus as well as of the water in BB is o^C, Mi4 »i"$Y^'at 
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also that the globe and tube are filled with dry air ol 
pressure of 30 inches. 

First raise the temperature of the globe £" to 4o''C 
pouring warm water inio A A, while (he temperature of i, 
remains as before. Owing to the increased pressure 
the dry air, the quicksilver ^ is pushed toward s; 
how far. 




f Next cool down the globe to its former temperature (o' 

fad introduce a little water into X by breaking off the 1 

, which is then sealed on again, and repeat 

Evious experiment — that is to say, heat the globe to , 

. as before, and again notice how far the quicksilvef 

ahed towards e. 

[ The result of this eiperiment will be a test of the truA 1 

3 hypothesis. Let us see, in the first place, what c 
to take place if these \iews are correct; that is to safj 
the vapour and air are quite independent of each < 
For simplicity's sake we may imagine the second heating 
the globs to lake place not a very long time after the inll 
duclion of llie water, in which case the vapour will not y 
have penetrated to 1/ (in Lamoni's eicperimenl there was fii 
trace of vapour at this part of iVve a^^irjX\KiV 
news be correct, there being no piessaie o'i vayiMi to. ^ 
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ptessurc there will be entirely due to dry air. No doubt 
there is pressure of vapour in the globe J^, but by this 
hypothesis it has no effect on the particles of dry air, and 
cannot therefore be communicated to y. The drop of quick- 
silver at g ought therefore to move, for a given heating of 
the ball, precisely the same distance whether the air of the 
globe be dry or whether it contain vapour. 

Let us now suppose, instead of this hypothesis, that 
Ihe air exerts a pressure upon the vapour and the vapour 
upon the air. Then the globe K will have a pressure of 
wpour corresponding to 40^0 =2.16 inches nearly ; this has 
to be added to the pressure of dry air, and the sum will be 
communicated through the dry air of the tube to the quick- 
silver at J", which will, on this hypothesis, be pushed much 
farther when there is vapour than when there is only dry air. 
On the other hypothesis, however, as we have seen, the 
quicksilver will be pushed equally far in both cases. Now 
Lament found that the quicksilver was pushed much farther 
when there were air and vapour together than when there 
WIS only dry air, and he therefore concluded that the first 
hypothesis is incorrect. 

120. Various modes of vaporization. Our attention 
has hitherto been directed to certain laws which have no 
Special reference to the particular modes in which vaporization 
is accomplished. 

Let us now consider the peculiarities of these various 
modes. We have already (Art. no) stated that there are 
three such — viz. tvaporation, ebuliiiion, and vaporisation in the 
tpheroidal state. 

121. Evaporation. Evaporation denotes the quiet pro- 
duction of vapour at the surface of a liquid, and is subject to 
the following laws. 

1. It varies with the temperature. 

2. It varies with the extent of surface exposed. 
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3. Ir goes on tot npufbr is Tacoo, bat mach more 
in a space filled with air. 

4. It goes OQ more izpsdfy in dry air dian in aii 
taining Tapour. 

5. It is asssted bj anj agitation tending to rene 
partides of air oto- the erapoiating sor&ce. 

The reason of the foorth and fifth laws is veiy c 
When vaponr forms aboTe the smfu:e of a liquid i 
air, it rises so slowfr that the air above the liquid 
becomes saturated with vapour, or nearly so, and hen 
evaporation, if not quite stopped, jet proceeds very { 
But when new and comparativelj dry particles of a 
constantly brought into contact with the Mquid the*proi 
gready facilitated. 

This process is constandy going on in nature, and 
one of the means by which the surface of the ea 
rendered fit for the maintenance of living beings ; it i 
of very extensive application in chemistry and in th 
being employed to separate a volatile from a fixed subi 

122. Ebullition. When a liquid is heated in an 
vessel it gradually becomes hotter, and the evaporatioE 
and more rapid. After some time the layers of 
in contact with the sides of the vessel become change 
vapour, which begins to rise, but is condensed by the 
strata before it reaches the surface. This is the ca 
the singing noise of liquids before they begin to boil, 
however, the bubbles of vapour are able to reach the si 
and the process of ebullition has begun. The tempe 
now ceases to rise, and remains stationary until the wl 
the liquid has been boiled away. 

temperature of ebullition depends, (i) on the ej 

; (2) on the nature of the vessel; (3) on th 

ssolved in the liquid; (4) on the nature < 
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123. Influence of pressure upon the boiling point. 
t may be easily shewn, by an arrangement like thai of 
Igures I and 2, ihat the pressure of vapour during ebullition 
s equal to the external pressure, for it will be found that the 
svel of the liquid is the same on both sides of the gauge. 
Ve see now what takes place when a liquid is heated in 
icopen air. Its temperature will continue to rise until that 
Dint for which the corresponding vapour pressure is equal 
k the external atmospheric pressure. The temperature of 
M boiling point will thus be low when the pressure of the 
It is low, and high when this is high. The following ex- 
Briments will illustrate the effect of pressure. 

First experimenl. — Let a flask half filled with water, Fig. 30, 
e boiled until all the air has been driven out of the upper 
en of it, which is _^ 

Sed with steam 
totead. If it now 
e corked tightly 
ad inverted, it will 
Biy soon cease 
oiling; but if cold 
■ater be poured 
pon it ebullition 
ill commence a- 
ew ; the reason 
fing that the cold 
ater by condens- 
g the vapour with 
hich the upper 
ut of the flask is 
led withdraws the 
■essure from the 

Iter, which is thus enabled to boil at a comparatively low 
mperature. 




J 
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Second expeTimenl. — Put a vessel containing ether under j 
Uie receiver of an air-pump. Exhaust the receiver, 
the ether will begin to boil at the ordinary temperature. 

It follows Trom these experiments (hat at the top of a lofty ' 
mountain, where the pressure of the atmosphere is much 
diminished, the temperature of the boiling point of water will 
be much reduced. At the top of Mont Blanc, for esaniple, 
water boils at about i^Q. (iSs^Fahr.). The temperature of 
boiling water at high elevations is often too low for culinary 
purposes, and those who live in such places are therefore 
compelled to heat water in a closed vessel under a pressure 
greater than that of the atmosphere in order to prepare their 
food. 

This is done by means of an apparatus invented by Papin, 
a French physician, and which bears (he name of Papin's 
Digester. It consists simply of a strong closed vessel to 
contain the water to which 
heat is applied. When 
the pressure rises too high 
the vapour escapes by 
means of a safety-valve. 
There is thus a limit de- 
pending on the strength 
of the vessel, beyond 
which the pressure and 
temperature cannot mount, 
but this limit is sufficiently 
high to permit of the con- 
tained water doing great 
service in culinary ope- 
I rations. This apparatus 

;, . ,, is also often used at the 

level of the sea, sincpj 
^vaier is much more efficieut lu ex\,Ta^tinii ^fJa&ofc \mm 
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bones at a high temperature than at the ordinary boiling' 
point. 

Boiling-point thermometers are sometimes used for in- 
dicating, by means oF the temperature of ebullition, the pres- 
sure of the air, and thus determining the heights of moun- 
tains. Such instruments perform ttie part of a barometer, 
while they are more portable. Their scale embraces a 
temperature range generally extending only from about ao" 
below loo" to a few degrees above this point; it is thus very 
open, and the temperature of the boiling point may be very 
accurately observed. Mountain thermometers are accom- 
panied by an apparatus similar to that of Fig. i, devised by 
Regnault, and fitted in this case with telescopic Joints, in 
order to make it easily portable. 

124. Influence of the nature of the vessel upon 
tlie boiling point. Achard was the first to notice, in 1785, 
that the boiling point of water under a constant pressure is 
much more inconstant in metallic than in glass vessels. He 
also noticed that if, while water was boihng steadily in a 
glass vessel, a drachm of iron-filings or some other insoluble 
solid were added to the water, the boiling point was lowered 
1° Reaumur or more, the depression varj'ing according as 
the same substance was in powder or in lump. On the 
other hand, the temperature of the vapour arising from the 
water is as nearly as possible the same in all these cases. 

Hence we see that while the temperature of the vapour 
Kmains constant, that of the liquid varies according to the 
nature of the vessel ; we ought also to state that in all cases 
the temperature of the vapour of water is below that of boil- 
ing water. 

125. Influenoe of substancea dissolTed upon the 
boiling point. Magnus, Marcet, and others have made 
eiperiments on saline solutions of different kinds and 
aovagtAs, from which it appears that the gcnefal e?i.««. (& 
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ihe salt ia to raise the temperature of ebullicion. 
to these experiments the salt has the effect of raising 
tempernture of the vapour as well as that of the 
Rcgnault, who has investigated this subject, conclud« 
llip vapour is at first in lemperature equilibrium with 
boiling solution, but that it is quickly cooled, so thai 
results obiained by Rudberg, who found that the vapoO' 
n solution possesses the same temperature as if 
disengaged from pure water at the same pressure, may 
considered correct. In practice the temperature of 
vapour of moderately pure water in an apparatus similar 
that of Fig. I may be considered to be regulated entirely 
I he atmospheric pressure. 

126. iDflueQce of air disBOlved upon the 
point. Magnus had made the observation that if 
could be boiled in a vessel formed as it were of water 
or in a vessel the sides of which would retain the 
everywhere with the same force as that which its partides] 
exert upon each other, we should then know the true boiling 
point of water. 

M. Donny was afterwards led to conclude that the boiling 
point of perfectly pure water is very high. By depriving tht 
water of air as far as possible by long continued boilinf 
and by enclosing it in a peculiarly shaped vessel, he MJ 
able to raise its temperature to I35°C without ebullition, 
and even higher temperatures have since been obtained. 
M. Dufour has recently attempted to show that globules of 
water suspended in oil remain liquid between — 2o°C and 
+ i78°C. The Hon. Sir W. R. Grove has recently made 
experiments on this subject, and has found that even 
■ter has been long boiled it is not quite deprived 
les of nitrogen; and he has gone the length of 
I no one yet has seen the phEenoi 
og, that is, of the disnjption of the liquid partidci 
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of the oxy-hydrogen compound, so as to produce vapour, 
which will condense into water, leaving behind no permanent 
gas. 

Mr. C. Tomlinson (Proceedings R. S., Jan. 21, 1869) has 
studied the subject of boiling liquids with much care. He 
starts by supposing that a liquid at or near the boiling point 
is a supersaturated solution of its own vapour constituted 
exactly like soda-water, Seltzer-water, and solutions of some 
soluble gases. 

This l^eing the case, he finds that ebullition is much faci- 
litated in many cases by the action of nuclei or small foreign 
bodies, and that a solid non-porous nucleus is or is not 
efficient in liberating vapour, according as it is chemically 
unclean or clean. Porous bodies, however, are invariably 
active. 

Mr. Tomlinson is inclined to think that too much im- 
portance has been attached to the presence of air and gases 
in water and other liquids as a necessary condition of their 
boiling. 

127. Influence of the nature of the liquid upon the 
boUing point. Some liquids, such as ether and sulphurous 
add, have very low boiling points, while others, such as 
mercury, have very high ones. The following table of 
boiling points and specific gravities has been constructed by 
the late Dr. W. A. Miller, and is derived chiefly from the 
labours of Pierre and Kopp. 
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Table of boiling potnls and specific gravtlies ofUqtdh. 



SulphnriiDi anhydride 
Chloride of ethyle .. 
Bromide of mcthrle . 

Aldehyde 

Forniiate of mdhyle 

Eiher 

Biomide of ethyle •. 
Iodide of mrthyle .. 
Bisniphtde of carbon . 

Acetone 

Acetate of methyle ■ ■ 
Chloride of lilicon .. 

Iodide of elbyle 

Aeclic ether 

Alcohol 

Terchloride of phojphi 
Beii7.nle 

Bulyrale of niethyle. . 

Formic acid 

Hiityric ether 

Peichlotideoftin.. .. 
Valerate of methyle. . 

KouscI oil 

Terchloride of arsenic 
I'erchloildeoftitaniun 
Ilromide of lilicon ■ . 

Hutyricacid 

Sriphiiioui ether ., .. 



20.78 
33-39 

34-89 



56.18 
69-0= 
63.00 
65-50 

70.18 
73-83 
78.39 



1.6644 
0.8009 
0-9984 
»-736s 
'■4733 

1-J931 
09357 
0.8144 
o.9s6j 

■•5J3r 

3."87» 
0.8179 
1-9755 
0.9069 
0.81 5 1 
1.6161 
0.8991 
1.2803 



0.9041 

2.267. 
0,9015 



1.1063 
2.9249 
1.8540 
I3-S9fi<' 



Kopp, as far back as 1841, pointed out that in analogoi'' 
pounds the same difference of chemical compoiitiC 
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frequently involves the same difference of boiling points, and 
he has more particularly endeavoured to shew that in a very 
eitensive series of compounds {alcohols, acids, and com- 
pound ethers) the elementary difference CH° {new notation) 
is aRended by a difference of i9°C in the boiling pomt. 
Kopp has also made comparisons of the specific volumes 

I sp. vol, = : — 1 of different liquids, and finds that 

\ sp. gravity / 

when these are compared at the respective boiling points of 

the Uquids, or points of similar pressure, one arrives at very 

simple results. 

128. IiOideni^ost's PhEenomenon. Spheroidal state. 
Leidenfrost was the first who scientifically examined the 
curious phenomenon which bears his name. He found 
thai if a drop of water or other liquid be thrown upon a 
surface of high temperature, the liquid does not adhere to 
the surface but forms a spheroidal mass, which, if the heat 
be kept up, oscillates and moves about, evaporating mean- 
while without boiling. 

This phenomenon, which has been named the caloric 
paradox, has of laie years been the subject of much atten- 
tion, and experiments have been contrived with the view of 
rendering its peculiarities as prominent as possible. Thus, 
for instance, M. Boutigny poured liquid sulphurous acid 
upon a platinum capsule heated to a white heat, and 
ullhough this liquid ordinarily boils at a very low tempera- 
ture there was no appearance of ebullition and the rate of 
evaporation was very slow. In this state some water poured 
into the sulphurous acid was instantly frozen. Faraday 
went even fiirther, and by pouring on a red hot platinum 
capsule some ether and solid carbonic acid he formed 

spheroidal mass which evaporated very slowly, but 
neveriheless soTidiSed some naercury brought into contact 
H-ith ic. 



r 
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with these experiments we may remark t 
very singular fact, that the skin of the hand, if sli^ 
moistened, may be brought into contact with molten n 
at- a very high temperature without being sensibly afiecte 
injured in the least. This may explain some of the 1 
which have reached us from the middle ages, in w 
accused persons went through the ordeal of fire 
impunity. 

128. The following are the experimental laws of 
phenomenon. 

r. It has been found by M. Boutigny that the loi 
temperature of the hot surface capable of producing 
state varies with the liquid, being higher for liquids of I 
boiling points. M. Marchand has shewn that it also vj 
with the temperature of the projected liquid and with 
nature of ihe surface. 

2. The spheroid seems not to touch the surface. 
this surface be a plane, M. Boutigny has found that the ef 
may see the light of a taper through the space between ih*^ 
liquid and the surface. He has also found that a drop 
nitric acid has in this state no action on a silver or coppCi 
surface, nor one of dilute sulphuric acid on iron or a: 
Professor Poggendorff has also shewn that if the hot [d 
be metallic and connected with one pole of a galni 
battery, while the spheroid is connected with the othety 
current will pass ; thereby proving the interruption of M 
tact between the spheroid and the plate. 

3, M. Boutigny and M. Boutan have shewn that liqsil 
in the spheroidal state remam at a temperature inferior 

I that of ebullition. 

l^ 130. An experiment made by M. Buff will serve to G( 
^^^oect together the second and third of these experimeBl 
^^^^ks, and to shew their dependence on one another. 
^^^^^Bed a clean silver spoon filled with Water over a 
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ind found that k might be held by the hand with impuniiy, 
until the water was all vaporized ; the reason being that the 
[leat which entered the spoon was transferred to the water 
in contact with it, and hence no part of the spoon had a 
bigher temperature than ioo°C. There was in fact equiU- 
Inivim of temperature between the spoon and the water, 
Jle then covered the inside of the spoon with a coating 
.which was not moistened by water, and found that the 
Spoon became very hot before the water began to boil. 
'"When however the coating was capable of being moistened 
.fcy water the result was the same as with the clean spoon. 
' "We see from this that the establishment of ordinary thermic 
equilibrium in such a case depends upon the liquid moist- 
«Mig [he spoon, and thus being brought into intimate con- 
toct with it. We have thus also a very simple explanation 
or the spheroidal condition ; for we have seen that the exist- 
r ence of this stale at a given temperature depends, among 
oiher things, on the nature of the plate, and Buff's expe- 
Timent shews us that any coating which diminishes the 
adhesive force of the liquid to the plate is favourable to the 
production of this phenomenon. These facts, along with 
' BoLtigny's observation of a want of contact between the 
■ liquid and the plate, enable us to connect the separation 
I liEtween the t\vo surfaces with the very small transmission 
I «f heat which forms the leading feature of this phenomenon. 
I There is probably, however, a layer of vapour between the 
\n surfaces. 

131. Vaporization of liquids at a very high tem- 
perature and in a limited space. When a liquid is 
endosed within a limited space, and heat is applied, each 
increment of heat produces a certain quantity of vapour, 
which thus accumulates, and by its pressure prevents the 
I Bquid from boiling, the temperature of the liquid mean- 
Jrhile rifling considerably above its ordinary boiUng point. 
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M. Cagniard de la Tour pushed his observation of this pro- 
cess to an extreme limit by enclosing certain liquids in a 
space not much larger than their own volume. On the 
application of heat he found that the liquids at a certain 
temperature passed completely and instantaneously into the 
state of vapour. The apparatus which he employed for this 
experiment had within it some atmospheric air shut out from 
the liquid by a drop of mercury. As the liquid became 
heated its vapour pushed the mercury before it along a tube, 
compressing, by this means, the air into a very small volume. 
Thus, if the volume finally occupied by the air was on^ 
fiftieth of that which it would have filled at that temperature 
under the ordinar)' pressure, it might be concluded that the 
pressure was equal to fifty atmospheres, and so on. M. 
Cagniard de la Tour made experiments on ether, alcohol, 
bisulphide of carbon, and water, and obtained the results 
given in the following table. 



'Nature of liquid. 



Ether 

Alcohol 

Bisulphide of carbon. 
Water 



Pressure in 
atmospheres. 



37-5 
1 19.0 

66.5 



The whole became 

gaseous at temperature 

Fahr. Cent. 



369.5 187.5 

497-7 2587 

504.5 262.5 

I 773-0 4".7 



There was considerable diflSculty in performing the experi- 
ment with water, as at the high temperature to which it was 
raised its power of dissolving glass was very great. 

It thus appears that at a certain temperatiu-e a liquid 
under the pressure of its own vapour becomes changed into 
a gas. Faraday has imagined that at this temperature, or 
one a little higher, no pressure that we are likely to pro- 
duce would convert the gas into a liquid, and he also thinks 
that the temperature of 166° Fahr. below zero is probably 
above this limiting point for the gases oxygen, hydrogen, 

d nitrogen ; so that, apply what pressure we may, we shal 
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not be able to liquery these gases unless we can at the same 
lilue produce intense cold. 

Dr. Andrews had previously noticed that when a vessel 
rantaining liquid carbonic acid is raised to 88°Fahr. the 
surface of demarcation between the liquid and gas becomes 
gradually fainter, loses its curvature, and at last disappears*. 
The space is then occupied by a homogeneous fluid, which 
inhibits an appearance of moving or flickering strite through- 
out its entire mass. In a later research (Bakerjan Lecture, 
I 1869) he finds the temperature at which carbonic acid 
ceases to liquefy by pressure to be 3o''.92C, and he con- 
dudes, as a direct result of his experiments, that the gaseous 
ud liquid slates are only widely separated forms of the 
same condition of matter, and may be made to pass into 
one another by a series of gradations so gentle that the 
passage shall nowhere present any interruption or breach of 
continuity. 

This is analogous to the gradual passage of a solid into 
a liquid such as wc have when sealing-wax is melted. 

133. Sublimation. There are some solids which under 
ordinary circumstances appear to assume the gaseous state 
at once Instead of passing through the intermediate state of 
liquidity. Of these arsenic and solid carbonic acid are ex- 
amples. It is well known too that snow slowly evaporates, 
and thus to some extent appears to assume the gaseous 
form, even although the temperature is decidedly below that 
of the melting point of ice. 

Again, some substances, such as chalk, are decomposed 
before fusion, the gaseous element going off. Nevertheless 
il has been found that if chalk be heated under intense pres- 
sure it melts and assumes the appearance of marble when it 
becomes solid. 

• A tiiBtlir change of airvalure has been noticed foi oihw \iQ,i\is Nj-i 
WUi tod also by Drioa. 
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i Condensation- of Vapours and G,\i 

I 133. Distillation, or the oondenaation of vapoim 
I This process has already been described in Art. iij. 
I 134. Condenaation of gaBes. Sometimes gases >! 
^compelled to assume the liquid form by their affinity ft 
■some liquid. Thus, for instance, if ammoniacal gas 
■JwDught into contact with water it is immediately d 
■The same result takes place with hydrochloric acid i 
Bother gases. This condensation of gas renders sensiU 
■large quantity of latent heat, and it is therefore necesi 
■to keep the vessel in which it takes place surrounded 
Rold water. 
I It is much more difficult to condense gases by themad 

■ and without the aid of a chemical solvent. The ausilii 
B.employed in this condensation are, as might be imagii 
■jwessure and cold. A number of gases have yielded 
■ihe joint effect of these two agents, but there i 
■j^eless six substances which we have not yet been able, 
I obtain either in the liquid or the solid form — these 
I oxygen, hydrogen, nitrogen, nitric oxide, carbonic ( 
land marsh gas. 
I Farada)' was one of the first who succeeded in liquefyS 

■ gases by the joint application of cold and pressure. Olbi 
l^faave since joined in these attempts, and carbonic add ] 
■js now condensed in large quantities, forming in this si 
Kk very convenient source of cold, An instrument inve 
R}f Thilorier, somewhat modified, is very much used for 
Kpurpose of liquefying this gas ; it acts on the followi 
^mrinciple : — The gas is generated in a strong iron i 
Huied the generalor, into which the materials necessaiy li 
^^bing the gas are put. This generator is connected % 
^^Btaoallj strong iron vessel called the ricdver, whkll 
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I cool, and when sufficient gas has been generated it 



Ns are now separated and a fresh charge 
Mfodnced into the generator, and the gas 
I condensed in the receiver as before, until 
Blast a large quantity of liquefied gas has 
Ben obtained. 
It will be seen from Fig. 32 that in the 
lerior of the receiver there is a tube which 
jscends beiow the kvel of the liquid 
fhen the cocL. is opened the pressure of 
e gas dnvea the liquid with great force 
Ifi the tube and out through the fine nozzle 
a which It terminates 

^ The liquid as it issues evaporates "Aith 
■di rapidil} that part of it is frozen and if p , 

B Us waj out It be made to play into a 
flindncal box the whdified gas raaj be collected in 
|e form of a snow uhite powder This p3«der evapo 
Dtes very slo« Ij and a\Ay therefore bi pro[ er prtcau 
Uons be prcsened for 1 considerable length of t me It 
Diav also be handled with impunity and mij even be hi I 
te)n the tongue without a disagreeiblc sens,ition of cold 
Being produced although the temperature of the solid is 
fctremely low perhaps even ~y6 C The reason of this 
Sbsence of the feeling of cold is want of contact bctviten 
He two If however this solid acid be mixed with ether 
Kx which it has a great attraction the mixture will now be 
■ft contact with the containing, vessel and will be ft,lt to 
■■tatensely cold while a rapid evaporation of carbonic 
^^^pU take place, thereb) prciierving ih<. low tempera 
^^Br drawing otf the heat 

^^Bbeons of a misture of this descnj i on from 20 to 30 
^^^Kirf' mercury may readily be frozen If the bath ol 
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carbonic acid and efher be placed in vacuo the evaporaiio 
is accelerated, and a still greater degree of cold is ( 
duced. Faraday by this means has reached the temperat 
— iio'^C. A still lower temperature has been obtained 
Natterer, who by means of a bath of liquid i 
and bisulphide of carbon in vacuo has reached the temp( 
ture -.40"C. 

Pressure and Density or Vapovks and Gases. 
136. Before discussing the laws which regulate the p 
sure of gases and vapours we must first of all bear in n 
what takes place when we condense a gas or vapour 
smaller volume. Let us suppose this condensation to 
performed slowly and at a constant temperature. A 
proceeds the pressure will of course increase, until ai 
if the gas be condensable, liquid will begin to makt 
appearance. The pressure and density have now atlai 
the greatest possible value which they can have for 
temperature and for this kind of gas, and if the conde 
tion be pushed further the only result will be the forroa 
of more liquid, but without a further increase of pres&i 
Our inquiry must therefore be divided into two parts, 
must consider, in the first place, the laws which ref[u 
the pressure of gas or vapour not in contact with the Ik 
which produces it ; and, secondly, those which regulate 
pressure of gas or vapour in contact with its own liquid. 
136. Pressure of gaa or vapour not in contact w 
it« own liquid. We have already had occasion (Chap. 
Art, 60) 10 advert to Boyle's law, which gives the relffl 
between the pressure and volume of a gas, the tempera! 
remaining constant, and we have seen that in this case 
pressure varies inversely as the volume. We have also I 
(An. 62) that Charles and Gay Lusaic were the first to s 
the irue connection between ihe vo\ttTae wi4 
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a gas of which the pressure remains constant, and that this 
law may be expressed as follows : — 

Let V denote the volume of a gas under given pressure at 
the temperature o°C, then F(H- a/) will be its volume under 
the same pressure at the temperature fC, where a = .00367 
nearly. ^ 

Neither of these laws is however absolutely correct under 
all circumstances. With regard to Charles' law it has been 
found by Regnault, as we have already seen (Art. 66)^ that 
it only holds absolutely in the case of a perfect gas ; that is, 
of a gas very far removed from its point of maximum 
density; and in like manner Boyle's law ceases to be per- 
fectly true when this same point is approached, for the 
density is then found to increase more rapidly than the 
pressure. But if the gas be sufficiently attenuated it is 
probable that both of these laws are exactly true, and in 
this case it is very easy to solve all problems in which 
it is sought to connect the pressure of a gas with its tem- 
perature and volume. 

Thus, let V^^f^ denote the volume occupied by a gas at 
pressure p and temperature /°C, and let it be required to find 
the volume of this gas at pressure p' and temperature f°. 

Calling F^^ o, the volume at pressure p and temperature 
o*'C, we find by Charles' law. 

Also, by the same law combined with that of Boyle, we find. 



^(/'.^')= ^(Ao){i+«/'}^; 



MA t) 



and finally, substituting for V^^ ^^ its equivalent — ^, we 
find ■ '^°' 

JT^a/v/^. Let the volume of a gas be 5 \\ltea ^x. xlaa. 

K 2 
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pressure of 300 millimetres and at i5°C, what will be ill 
\olume at the pressure of 350 millimetres and at 72°C? 
Here we have 

hence 

I -1- .00367 X 72 300 ,. 

^-. ,. = o ?< \—-^ X "^^ = 5.1355 toes. 

i-r.oo307Xi5 350 

0;hcr pa^blems of i similar kind will easily suggest thenJi 
solves. , 

137. Pressure of gas or Tapour in contact with il^ 
own liquid. Since a gas or vapour in contact with its oflj 
liquid always possesses the greatest pressure possible attN 
com^vrature. :here is consequently only one such pressa< 
corres^vudtp.g to each temperature ; and hence for a gi»fl( 
subsunco this maximum pressure will only vary when m 
toruperature is nuvie to var}\ and it will vary in sudi f 
luanner that :he higher the temperature the greater ^ 
correspouJ.inj: maximum pressure ^^Art. 112). 

lu ma:heiruuical lansruage, the pressure of gas in contad 
wi:h its liquid will be a function of the temperature; am 
\\ ha: we wish to know is the nature of this function to 
each sub>:a!ico : ;ha: is :o s^iv, the relation in each cai 
subsisiir.g I v: ween suc!i pressure and temperature. A 
il.is ius been nu^s: ex:easively and accurately investigate 
for clie vapour of \\a:cr. \\e shall commence with it. 

Ids. Pressure of aqueous Tapour. Many expefi 
men:alis:s have encaced in this research, and yet it is onl 
lau'v ;l\a: crca: exactness has been obtained 

I:; 1:^2^ :!'.o subioc: was referred to a Commission oft! 
AcavivMuy v^f Taris. aiu! :he experiments undertaken in coi 
sov'jUev.co wore mavlo by MM. Dulong and Arago. 

The obioci of these was to determine the pressure ' 
rapour of water at high tem^^eratures, and the expei 
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hnenls ranged between i and 24 atmospheres of pressure 
■.ad between the temperatures 100° and 224''C. 
j About the same time the same subject was taken up by 
k. Committee of the Frankhn Institute of Pennsylvania, their 
■Experiments ranging from 1 to 10 atmospheres. 
• The apparatus of the French Commission consisted of 
■manometer, or pressure measurer, having a detached column 
W atmospheric air cut off by mercury, which by its volume 
[ved to denote the pressure ; the Commiaaion having pre- 
lusly ascertained by direct experiment the correctness of 
yle's law for air up to a pressure of 27 atmospheres. 
Very nearly the same apparatus was employed by the 
Committee. Unfortunately, however, there was a 
nfflderable difference between the results of the two in- 
stigations. One cause of this discrepancy may have been 
B employment of mercurial thermometers composed of 
feent kinds of glass, since we have seen (Art. zg) that at 
fa temperatures the indications of two instruments of this 
mJ, both accurately graduated but made of different kinds 
glass, will not agree together. On this' account Regnault 
»lved lo make a full set of experiments on the subject, 
lending to high pressures but also embracing low ones. 
d he has recently completed these with very satisfactory 
nits. 

130, Regnault divides his research into three parts. 
The first of these relates to his experiments bn the pres- 
ire of aqueous vapour at low temperatures; that is to say, 

32" to +go°C. 
The second part comprehends all his experiments at higher 
iperatures, or from go" to 23o°C. 

Finally, in his third part he treats of the graphic repre- 
tlalion of his experiments, and discusses various formula: 
mterpolalion. 
In the first place, as regards his experiments at low 
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temperatures, Regnault employed various methods, and 
repeated those made use of by former experimentalistSi I 
order, as he tells us, to see if when used with proper pre* 
cautions they would all lead to the same result ; and if tin 
be not the case, to point out by direct experiment the 
causes of error in the defective methods. 

The general plan underlying the various methods made 
use of by him in this branch of his investigation, is that 
comparing together two barometers placed side by side, one 
having a dry vacuum chamber, and the other a chamber 
filled with the vapour of water at a determinate temperature; 
the difference between the heights of the two giving die 
pressure of aqueous vapour at the temperature of the expeii- 
ment. He found that when suflScient precautions were 
adopted the various methods employed by him agreed to- 
gether very well. 

140. In the second part of his research, which had refer- 
ence to high temperatures, Regnault employed another kind! 
of apparatus, founded on the principle that the vaponr o| 
water boiling in a large space filled with air has a presara 
equal to the atmospheric pressure. 1 

In order to secure all the advantages of this method 
Regnault constructed the following apparatus. A strong 
retort A (Fig. 33) contains the water to be heated, and has 
arrangements for holding four mercurial thermometers, tvo 
of them being plunged in the water, and two in the \'aponr 
of water: these arrangements are such that the bulbs of 
the thermometers are not exposed to the pressure of the 
vapour. In order to ensure correctness Regnault employed 
an air thermometer in addition to the mercurial ones. The 
retort A is connected by means of a long neck C C with a 
balloon or reservoir B, into which air may be pumped or 
from which it may be extracted, so that the internal pressure 
of the air may be regulated at pleasure. The balloon ■ 
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fendosed in water of the temperature of ihe surrounding 
rnedium, by which means change of pressure due to change 
of temperature of the balloon is ai oided. 'I'he neck C C. 




icdng the balloon £ with the retort, is kept cool by 
Q of water constantly flowing through a cylinder which 
brrounds it. By this means the vapour is condensed as fast 
B it is formed, and trickles back into the retort, its pressure 
fcing equal to tlijit of the artificial atmosphere in ff. 
I It only remains to state that the air of the balloon £ com- 
^icates with one column of a manometer JII, the other 
pomn being open to the atmosphere. It is evident from 
p arrangement in the figure that the pressure of ain lu B 
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is equal to (hat of the external atmosphere p/tif or m; 
the case may be) the pressure of a column of r 
equal in length to the clifFerence between the levels 
fluid in the Iwo limbs of the manometer. Bj' this 
Regnault was enabled to measure accurately the tempei 
of the vapour, and also to keep the pressure of the artifii 
atmosphere (and in consequence the temperature of et 
lition) very riearly constant ; lastly, this pressure might 
accurately measured by means of the attached manometer, 

141. The third part of Regnault's memoir relates lo the 
graphic (mislriidion of his experiments, and Xo formula tf 
inlerpolaiion. The following considerations will suffice 10 
shew the necessity for this. 

There are two kinds of errors which make their appearance 
in physical research. The first of these is due to a defect 
in the process employed, or to a defect of the observer. 
Thus in the particular problem under consideration, namely, 
that of finding the maximum pressure of aqueous vapour 
corresponding to a given temperature, the methods em- 
ployed by the earlier observers were defective to some 
degree. But the course pursued by Regnault in his in- 
vestigation got rid of this source of error to a very great 
extent; for he worked out tbe various methods of his prede- 
cessors after having discovered and corrected their defects, 
and he then found that the results obtained agreed very well 
together. We may therefore imagine that in his experiments 
errors due to defective apparatus or observation have been 
10 a very great extent eliminated. There is however another 
description of error which cannot be entirely got rid of. If, 
for instance, we make the same observation with the 
instrument under the same conditions several times in 
cession, we shall 6nd that none of the results obtained 
exiictly together, although they a.11 Ue within a very 
range. Under these circvimsVa.n.cesTTiWio^w3.wii:aM 
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Upon a cerlain mathematical treatment, which when applied 
j lo a. set of observations yields the best result ; and it will 
always be found that results thus obtained from sets of ob- 
servations agree together much belter than the results of 
I' individual observations. 

We see now the distinction between the two classes of 
errors. The one is an error of apparatus or observer that 
affects all the observations alike, and which cannot be got 
rid of by multiplying observations ; the other is an error 
which will manifest itself with the most perfect instruments, 
but which may be got rid of by multiplying observations. 

Let us now return to the case in hand, and suppose that 
Rcgnault had found a nmnber of values for the pressure of 
aqueous vapour at looX, all slightly different from one an- 
other; having previously rendered his apparatus and method 
, of observing as accurate as he could, he would then group 
' Ihem together so as to obtain the most probable result. 
The same thing will apply to an observation at any other 
! temperature, so that at last we may suppose that the ob- 
1 server has obtained the most probable values of the pressure 
of aqueous vapour at the various temperatures of experi- 
' ment. These results are not absoliilelj' free from either of 
the two kinds of error we have described, but only as nearly 
free as he can get them. Jt will however be borne in mind 
that in this process, as we have described it, each different 
teniperature is considered apart by itself, and the result ob- 
tained gives the most probable value of the pressure for any 
given temperature, the observations for this temperature being 
considered as quite unconnected with those for any other 
temperature. The question then arises, can we combine 
together and compare the vai'ious values thus obtained for 
different temperatures so as to make them mutually correct 
I £ach other's errors? This is to a great extent accomplished 
j b^ the method of graphic representation. 
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Let UB, for instance, reckon the temperatures along a lina^ 
of abscissK, after the manner represenletl in tlie figure, and ' 
raise at the various temperatures of experiment orcJinaies 
proportional to the observed pressures ; and finally, connect 
the extremiiies of our ordinates together by a line. We shall 
find that this line, while it approaches very nearly to a regular 
curve, has jet a great many ainuosilies, and a hltle considera- 
tion will convince U3 that these irregularities do not denotft 
an\ law of nature, but are merely due to the residual ( 
m our observations ; and that the most probable line der 
noting the true law of nature, which we are seeking, wiB 
be a cune passing midway between these points and leavins* 

IH many above it as below. Now t 
have traced such a curve t!ie eye yet detects an abnomut 
bend of considerable extent at some region where v 
imagine no natural cause for any deviation in the i 
sweep of the curve, then we may very justly suspect that sojnt 
error has crept into our determinations at that region, and* 
ought, if possible, to repeat our experiments. 

We thus see the value of this process in detecting e 
and it is one which is very generally employed by exp«| 
t. mentalists. 

^^^^^^ the present case, Regnault, \\avii\g constructed s 
^^^ve with great care, adopted il asiWtmosxv^Q^a^Sfi.v^ 
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Benlaiion of the law connecting together the pressures and 
temperatures of aqueous vapour, as shewn by the experi- 
ments which he liad made, 

Ua. After we have constructed a curve of this kind, some- 
thing more yet remains to be done in order to make the 
experiments as serviceable as possible. For this purpose 
it is necessary to know the pressure for each esact degree 
from —30° to 230°C, and even for each tenth of a degree 
throughout part of this range. This may of course be deter- 
mined at once from the curve by raising ordinates at the 
points denoting these various temperatures and measuring 
their lengths with great exactness. In practice, however, an- 
other method is preferred. Our observations have furnished 
us with a curve, but we do not know the exact equation be- 
tween the abscissEe and ordinates which represent this curve; 
if we knew this equation we might at once find the ordinate 
corresponding to any abscissa, that is to say, the pressure 
corresponding to any temperature. But while we are ignorant 
of the exact equation we may trj- different equations, and we 
shall no doubt be able to find formulae that will represent the 
progress of the cunte with very great exactness, one formula 
suiting one part best and another another part. And thus 
by means of these, which are called forraulse of interpolation, 
we may readily find the value of (he pressure corresponding 
to each exact degree and decimal of a degree between the 
limits of the experimental research. 

143. Correction for latitude and height above sea 
leVQl. In the results of Regnault's experiments the pres- 
sure is expressed in the length of the column of pure mercury 
which it will sustain, the mercury being at o^C, at the latitude 
of Paris (48° 50'}, and at the height of 60 metres above the 
level of the sea. But we have already remarked (Art. 21) 
ihal the absolute pressure of a column of mercury of ^\en 
bngtb varies with the latitude, and we may add iViaV \\. Nons-'ii 
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although but slightly, with the height of the place of o 
vation above sea level ; in fact its absolute pressure y 
with the force of gravity at the place of experiment 
therefore, Regnault had made his experiments at an 
latitude and height he would have obtained lengths c 
mercurial column to denote his pressures different from 
which he obtained in Paris. 

The following is the formula by means of which the i 
at one latitude and height are made comparable with 
at another. Let g denote the intensity of gravity J 
latitude 45" and at the level of the sea, i? the mean 
of the earth = 6366198 metres = 20886852 feet, also 
denote the latitude of the place of observation, and 
height above the level of the sea ; then iig denote the 
sity of gravity at this locality, we have — 

S = ^ {i -.002837 cos 2V} /^^^.X2 ' 

Hence the force of gravity at Paris (latitude 48^50') 
height of 60 metres above the level of the sea will I 
noted by 

.^{.-.00.837 COS. (48° 50')} j|gi|j;=^x 1.0 

Also the force of gravity at Greenwich near London (/ 
51° 28') at the level of the sea =^x 1.000635. 

We see now that the pressure denoted by 760 millii 
or 29.922 inches of mercury at o°C at Paris will corre 

1.00036 . u r ^ < 

to 29.922 X , — = 29.914 mches of mercury at 32 

at London, and this is in accordance with what we 
already stated (Art. 21). 

If, therefore, we adhere to centigrade degrees it is vei 
to convert Regnault's table into one expressing the pi 
'* vapour at any temperature in inches of mercury 
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at the place of observation ; bui if we use degrees Fahrenheit 
we shall find that Regnault's tables do not give us the 
pressure at our precise points of temperature, and we shall 
have to calculate these as Regnault himself did, by adapting 
his formulas of interpolation to our case. In this adaptation 
it must be borne in mind that 2ia° Fahr. is not exactly ' 
ioo''C. 

The Rev, Robert Dison, in his work on Heat, has made 
the requisite adaptation with great care, and we cannot do 
belter than present to our readers in an abbreviated form 
the tables he has calculated 

They are adapted to the latitude 53° 21', which will answer 
very well for any station in Great Britain or Ireland. 

These tables, along with an abbreviation of Regnault's 

table, will be foimd at the end of this work ; they comprise — 

Table I. Shewing the pressure of aqueous vapour in 

inches of mercury at the latitude 53° a i' 

for each degree Fahr. from —30° to 432°. 

Table II. Shewing the pressure of aqueous vapour in 

inches of mercury at the same latitude from 

0° to ioo°Fabr. for every two-tenths of 

Table III. Shewing the pressure of aqueous vapour in 
millimetres of mercury at the latitude of 
Paris (48° 50') for each degree Centigrade 
from —32^0 to ■'rzifi'C. 
144. PresBure of other Tapours. Signor Avagadro 
and M. Regnault have both determined the pressure of the 
vapour of mercury at various temperatures, but their results 
can only be considered approximative. Regnault has also 
detennined the pressure of other vapours at various tem- 
peratures, and the following table gives the results, ol ^o'nvft 
of his experiments. 
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Pressure of vapour in millimetres of mercury. 



Temp. 
Cent. 


Alcohol. 


Ether. 


Salphuret of 
Carbon. 


Chloroform. 


— 20 


3-34 


68.90 


47.30 


• • • • 


-15 


5.10 


89.31 


61.64 






— 10 


6.47 


114.72 


79.44 






- 5 


9.09 


146.06 


101.29 









12.70 


184.39 


127.91 






+ 5 


17.62 


230.89 


160.01 






10 


24.23 


286.83 


198.46 






15 


32.98 


353.62 


244.13 






20 


44.46 


432.78 


298.03 


160.47 


25 


59.37 


52593 


361.13 


200.18 


30 


78.52 


634.80 


43462 


247.51 


35 


102.91 


761.20 


519.66 


30349 


40 


133.69 


907.04 


617.53 


369.26 


45 


172.18 


1074.15 


729.53 


446.01 


50 


219.90 


1 264.83 


857.07 


535.05 


55 


278-59 


1481.06 


1001.57 


637.71 


60 


350.21 


1725.01 


1 164.51 


755-44 


65 


436.90 


1998.87 


1347.52 


889.72 


70 


54115 


2304.90 


1552.09 


1042.11 


75 


665.54 


2645.41 


1779.88 


1214.20 


80 


812.91 


3022.79 


2032.53 


1407.64 


85 


986.40 


3439-53 


2311.70 


1624.10 


90 


1189.30 


3898.26 


2619.08 


1865.22 


95 


142513 


4401.81 


2966.34 


2132.85 


100 


1697.55 


4953.30 


3325.15 


2428.54 


105 


2010.88 


555623 


3727.19 


2754-03 


no 


2367.64 


6214.63 


4164.06 


3110.99 


115 


277340 


6933.26 


4637.41 


3501.03 


120 


3231.73 


7719.20 


5148.79 


3925.74 



145. Influence of the change of condition fin 
liquid to solid on vapour pressure. Experiments w 
made by Gay Lussac and Regnault from which it wo 
appear that the passage of a substance from the liquid to 
solid state is without influence upon the vapour densities, C 
tain considerations introduced near the end of this volu 
would however lead us to infer that in the curve wh 
represents correct observations on the pressure of aque 
vapour there is a slight break near the freezing point. 
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140. Dalton'B hypotheeia regarding vapour pres- 
sures. DalLon supposed that the pressures, of all vapours 
would be equal at equal distances from their respective 
boiling points. Thus, for example, water boils at z 1 2° Fabr, 
and alcohol at 173°. Of course at these temperatures the 
pressure of both vapours is equal, being represented by one 
aunospbere, or 30 inches of mercury. According to Dalton 
the pressures of these two vapours will also be equal at 
213 — 10 = zo2° and 173 — 10= 163°. 

The hypothesis of Dalton does not generally hold, but for 
short distances on either side of the boiling point it holds 
approximately in a large number of instances. 

147. Density of gases and vapours. When substances 
are compared together in the slate of gas at the same tem- 
perature and pressure, a very simple relation is found to 
subsist between their density and their combining chemical 
equivalent. This was first discovered by Gay Lussac, who 
found that JoAen gas or vapours combine logflher, the volumes 
in which Ihey combine bear a very simple ratio to one another. 
The following table, kindly furnished by Dr. Williamson, will 
serve to illustrate this law, which is generally called the law 
of volumes. The new notation is used. 

Vapour volume </ compound.. ^"^"Va^ldjom IhZ."" ''*'" 

Hy*VCbloric jcid (H CI) 3 vols. .. 1 vol. hydrogen + i vol. chlorine. 

Hjrdiabroniic 4Cid (,H B[) 1 vols, .. I vol. hvdrugen + t vol, braminr. 

Bydrbdic acid (HI) a vols. -, i vol. hy.lu.gen * i vol, iodine. 

Slam [H"0) 2 vols. . i vols, hydrogen + 1 vol. oxygen. 

AmmoriTi (N H") j vols, .. i vol. nilrogeii + 3 vols, hydrogen. 

We see from this table that equal volumes of chlorine and 
hydrogen, for instance, combine together without change of 
volume to form hydrochloric acid gas, which contains one 
atom of hydrogen united to one of chlorine. Equal volumes 
of chlorine and hj-cJrog-en contain therefore an ecp^\ TCiK&iM 
of atoms of these elements. 
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There are thus three ]aws which bear immediately upon 
the density of gases, i. The above law of volumes, in which 
the density of a g'as at a given lempcralure and pressure is 
shewn to depend upon its chemical constitution; 2. Boyle's 
law, in which the density of a gas of a given conslilulion 
and lemperalure is shewn to depend upon its pressure; 
3. Charles' law, in which the density of a gas of a given 
conslilulion and at a given pressure is shewn to depend upon 
its temperature. 

148. Many experiments have been made with a view to 
determining whether these three laws hold for all gases and 
vapours, and we shall now very briefly indicate the various 
methods pursued in these investigations. 

In the first place. Gay Lussac's method in his researches 
consisted in ascertaining the volume occupied by a known 
weight of liquid when entirely converted into vapour at a 
certain temperature and pressure. 

It is, however, essential to this method that the whole of 
the liquid should be converted into vapour, and hence it is 
inapplicable to a gas at its maximum density and in contact 
with its own liquid. It only applies to these cases wheu 
the density is considerably inferior to that of saturation. No 
doubt the density of saturation might be calculated from an 
experiment of this kind, if we supposed Boyle's law to hold 
good ; but one great object of such experiments is to deter- 
mine whether this law holds accurately for gases near their 
point of saturation. 

In order to obviate this objection M. Despretz introduc 
a method which consists in Riling with gas or vapour 'i 
different temperatures and pressures a balloon of knooi 
weight screwed on the top of a barometer tube. 

Afterwards Dumns, in order to experiment upon j 
that act upon mercury, and to oblavw results at high b 
peratures, used a glass balloon G dia-wiY oa\. \Q a. fe« 'S 



which was first of all well 
e and pressure of the air 
noted The balloon 
slightly wanned and 
immersed in the 
which It was wished 

vapour densit* and 
loon cooled a snidl 
f ihis liquid entered 
lloon was then he^ltd 
to a point soraeMhit 

boilmg point of the 
ch it conla ned, in 1 

until there wis onh 

the balloon it wis 
neticallj scaled the 
re of the baib and 
letnc pressure of tht 
loth acLuratelv noted 



dried and weighed, the ■ 
being at the same time | 




Hg 35 



\hen cool Dumas thus obtained two weighmgs, 
balloon filled with iir of Known pressure and tern 
ind the other of the same balloon filled with \apour 
1 pressure and temperature, from which he was 
) determine the density of the vapour 
ateSy Regnault has made several ser es of experi 
this subject, 

first series was on the density of aqueous vapour 
at the temperature of boiling water, and under a 
not exceeding half an atmosphere and he found 
Boyle s and Gaj Lussics laws were applicable 
" limits of his experiments but when the pressure 
'd more nearly to its maximum he found that 
y increased more rapidly than the pressuie 
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id series was on the density of aqueoH 
at temperalures not very far removed frol 
iding medium, and from these he cafl 
eludes that the density of aqueous vapours in vacuo am 
under feeble pressures may be calculated according m 
Boyle's law, provided that the fraction of saturation d« 
not exceed 0.8, but that this density is notably greater whfl 
we approach more nearly to the state of saturation. He adfl 
however, that this latter circumstance may be owing to onefl 
both of two causes; either aqueous vapour really suffers ■ 
anomalous condensation on approaching its point of saturaliM 
or a portion of the vapour remains condensed on the surfM 
of the glass, and does not assume the aeriform state until ■ 
mass of vapour is at some distance from the point of saturatM 

3. Regnault has also examined the density of aquefX 
vapour in air at its maximum value for the temperature ■ 
experiment between the limits 0° and 25°C, and he c^ 
eludes that the density of aqueous vapour in air, in a sl9 
of saturation and under feeble pressures, may be calculaM 
without much error, from Boyle's law. ■ 

Messrs. Fairbairn and Tate have lately made experimsafl 
to determine the density of steam at different temperatuiB 
and to find the law of expansion of superheated steam. I 

The general plan of their method of ascertaining fl 
density of steam consists in vaporizing a known weighlj 
water in a large glass globe with a stem, of known capaa 
and devoid of air, and observing the exact temperature 11 
which the whole of the water is just vaporized. 

In the following table these authors exhibit the relation iM 
tween the specific volume, pressure, and temperature \ 
saturated steam as determined from their experim^l 
Specific volume denotes the number of times the voluJI 
of Meam exceeds the volume at 39°.! Fahr. of the wstt 
ItMa winch it is raised. 
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Pressure in 

inchm of 


Maximum 
temperature 


Specific volume 


iuitfUW %JA 


of saturation, 


of steam. 


mercery. 


in degrees Fahr. 




5-35 


136.77 


8275.3 


8.6a 


165-33 


5333.5 


9-45 


159-36 


4920.2 


ia.47 


170.92 


3722.6 


12.61 


171.48 


3715-I 


13.6a 


174.92 


3438.1 


16.01 


182.30 


3051.0 


18.36 


188.30 


2623.4 


22.88 


198.78 


2149-5 


53-61 


242.90 


9431 


55-52 


244.82 


908.0 


55-89 


245.22 


892.5 


66.84 


255-50 


759-4 


76.20 


263.14 


649.2 


81.53 


267.21 


6353 


84.20 


269.20 


605.7 


92-23 


274.76 


584-4 


90.08 


273-30 


543-2 


99.60 


279.42 


515-0 


104.54 


282.58 


497.2 


112.78 


287.25 


458.3 


' 122.25 


292.53 


433-1 


114.25 


288.25 


449.6 



Wth regard, in the next place, to superheated steam, the 
results of these experiments shew that for temperatures 
within about ten " degrees from the maximum temperature of 
saturation, the rate of expansion on account of heat greatly 
exceeds that of air, whereas at higher temperatures from 
this point the rate of expansion approaches that of air, so 
\ that as the steam becomes more and more superheated, the 
coefficient of expansion approaches that of a perfect gas, 
while at or near the maximum temperature of saturation 

I the coefficient of expansion greatly exceeds that of a perfect 
gas. Dr. Hermann Herwig has lately been engaged with 
an elaborate investigation on the conformity of vapours to 
j Boyle's and Charles' laws. He states thai vcYvciv^n^x ^ 
sensible deviation of purely saturated vapoxM liOTCi N^^ 

L 2 
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gaseous state has place, a very considerable elevation 
temperature is necessary in order by superheating a consti 
volume to make it pass into the gaseous condition. 

We thus perceive that near their points of saturati 
gases and vapours would appear to depart both from Boyl 
and from Charles' law, while probably if the pressure und 
which they exist be far inferior to that of saturation tfad 
laws are obeyed. ' 

Generally speaking we may presume that /he three iS^ 
which we have be/ore enunciated as regulating gaseous dem 
(iia??iely the law of volumes, Boyle* s law, and Charles' kd 
only hold accurately in the case of perfect gases, 

149. Regnault has furnished us with the following dcM 
mination of the weight of a litre of the most important gast 

Weight of one litre (61.02705 cubic inches) of air, oxygi 
hydrogen, nitrogen, and carbonic acid gas. 

Weight at o°C and midtf 

the pressure of 760 millimM 

of mercury reduced to oflC 

at the latitude of P^ 

(s= 29.914 inches of meicfl 

at 32*" at Londoo.) 



1. 293187 graouMl 
1.429802 » 
0.089578 „ 
1.356167 „ 
1.977414 « 



Name of gas. 


Specific gravity. 


Air 


I.OOOO 

1. 1057 
0.0693 
0.9714 
1.5291 


Oxygen 

Hydrogen .... 

Nitrogen 

Carbonic acid . . 



We have also the following specific gravities of vapours. 



Air 

Vapour of water .. 
alcohol 
ether . . 



»» 



>> 



I.OOOO 

0.6235 
1-6133 

2.5860 



Gay Lussac and Thai 
Gay Lussac. 
Gay Lussac. 



150. Hygrometry. Hygrometry is that branch of sdeB 
which treats of the state of the air with regard to moistn 
As this is one of the elements which form the climate ol 
place, and as the human body is very much affected by t 
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rometric stale of the air, the subject is one of much 
:^cal importance. 

There are several facts regarding the vapour present in 
air which it is very desirable to know. 
.61. One of these is its Pressure. Suppose that we were 
isolate in a vessel a cubic foot of air, allowing' it to re- 
in at its present temperature and pressure, and then to 
loduce into the vessel containing it a substance which 
orbs moisture ; the air by this means will be rendered 
!, and its pressure will be diminished by an amount repre- 
Iting the pressure of aqueous vapouf present in the air. 
It is of importance to know what this pressure is, for upon 
R, among other things, depends the behaviour of the air 
|en it is cooled down. If, for instance, at the higher lem- 
hiture there be present nearly as much aqueous vapour as 
s air can contain at that temperature, then if the air be 
oled down only a few degjees, some of this vapour wiU be 
>sited in the liquid or solid state. The temperature at 
ich this takes place is called the dew-point. We thus see 
It if the pressure of vapour in the air at its existing tem- 
ire be great the dew-point will be high, but if this 
; be small, the dew-point will be low in the thenno- 
c scale. 

■ Another object of research is the relative humidity 

Of course all substances exposed to the air will 

ted by the deposition of moisture when the dew- 

% reached ; but many substances will be affected long 

Ifais lakes place : our bodies, for instance, will cxpe- 

! wetness of the air long before. On the other 

E die present temperature be far above that of depo- 

: pronounce the air dry. It ought here to be 

1 that the sensation of dryness or wetness does not 

1 upon the absolute amount of aqueous vapour pre- 

t in one cubic foot of air. For if the terapecatuie be 
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very low, although the air may not contain much 
vapour, yet this vapour may approach very nearly to 
nuiximum amount which can be retained at the temj 
turo. and the air vn]l be pronounced wet But if the 
same mixture of air and vapour be heated up many de 
the vap«.">ur will represent only a small fraction of the 
amount which can l>e retained at the higher temperature,! 
hence the air will feel ver}- dry. If this high temperature! 
produced by a stove, it may even be necessary to place 
the stove a vessel containing water in order to increase 
amount of aqueous vapour present in the air. 

We see now what is meant by the dryness or wc 
of the air. and all that remains is to express it numeric 
This is done by the conception of relative humidify y 
may bo thus defined. Relative humidity is the fraction 
prcs<inir the ratio between the amount of vapour 
present in tlie air at a given temperature and the 
amount of vapour which it can contain at that temj 
lure. The greatest amount, representing complete 
lion, is generally reckoned equal to loo, and on 
princijUo ;^o, 40, 30, &c. will denote that the air- cont 
-,o, 40. ,^»o. &c. per cent, of the maximum amount wl 
cm bo contained at that temperature. 

153. The weight of vapour present is another object d 
interest. In order to know completely the state of the tfi 
it is necessary to know the weight of vapour present in ij 
given volume of air, and also the entire weight of a gi«i| 
volume of air, or its specific gravity. This last element il 
necessary on another account, for a body weighed in air • 
liij:htor than if weighed in vacuo by the weight of its oi* 
bulk of air ; in very delicate weighings, therefore, it • 
necessary to find the exact weight of the air displaced bf 
the body ; and in order to obtain this information it is nrt 
sufTicicnt to know the temperature and pressure of the tfi 
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but we must also know the weight of vapour contained in 
a given volume of air. 

Finally, for meteorological purposes it may be desirable 
to investigate what may be termed the liygrometric quality 
of the air. This may be defined to be the ratio between the 
ireight of one cubic foot of air and that of the aqueous 
vapour present in it. Since dry air and aqueous vapour are 
affected by temperature and pressure according to the same 
laws, it is evident that the hygromttric quality will not vary 
unless there be either evaporation, precipilationj or mixture 
going on in the air. We may thus probably expect that the 
l^gromelric quality of a body of air is less easily altered than 
either its temperature or pressure. 

By testing the quality of the air at various points of the 
earth's surface we may therefore possibly obtain an amount 
of physical knowledge of th« motion of our atmosphere 
comparable to that which we have obtained regarding 
oceanic currents from observations of sea- temperature and 
salCness. 

164. Having now mentioned the objects sought in hygro- 
metry, let us proceed to describe shortly the various instru- 
ments made use of in this science. We may state at the 
commencement that there are various means of ascertaining 
in a general way the dryness or wetness of the air. We may, 
for instance, use some substance which has a great aiSnity for 
water and readily deliquesces. Such a substance, if the air 
be very dry, will remain a long time comparatively unaf- 
fected, but if the air be moist it will rapidly deliquesce. In 
the next place, various substances have the property of be- 
ooming elongated when moist and of contracting again 
when dry ; a hair, for instance, possesses this property, and 
Saussure has used it in his hair hygroscope. Other bodies, 
9uch as catgut, untwist when moist and twist wheii irj ■, wvi 
a. toy has been made in which there are two Eigaies, b. TOaSi 
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I, suspended by catgut in such a, manneT that 
man comes out when the air is wet and the woman when 
i dry. All these methods, however, indicate rather than 
: the hygromelric state of the air^they are kygro- 
■copcs rather than kygromelsrs—^x\6 we proceed from these 
o instruments by which the state of the air with regard (b 
noisture may be determined with precision. 
155. Dew-point inBtruments. Daniell's dew-point 
hygrometer. This instrument (Fig. 
36} is composed of two glass bulbs. 
The one A is more than half filled 
viith ether, and contains a delicate 
thermometer plunged in the ether; 
the space above is void of air and 
of everything but the vapour of ether. 
The bulb B is covered with some fine 
.,^^^ fabric, such as muslin, upon which 
^^L ^^a-^^^^ ether is dropped; the evaporation of 

^^1 p; g die ether produces intense cold, in 

^^^B consequence of which the elher 

^^Hfe^iour inside B is rapidly condensed, and of course the ether 
^^^Ki.^ as rapidly evaporates. The evaporation of the ether at 
^^^^ cools die bulb until the air in contact with it sinks below 
I the dew-point. Dew is therefore deposited on the outside 

of /I, which is made of black glass in order that this depo- 
sition may be more readily observed. At the moment of 
deposition the thermometer in A- is read. When the dew 
disappears, as the temperature rises, the same thermometer 
is also read, and the mean of these two readings is taken to 
indicate the dew-point. The thermometer (7 gives the tem- 
perature of the air. 
166. Begnault'a dew-point hygrometer. Regnault 
^has invented a dew-point hygrometer which is free 
IDC o{ the objections to which DaracSs \i\«iAft. A^ 
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sists (Fig. 37) of two tubes of polisbed silver having 
tubes fixed to ihem. Tbe tube A is half filled with ether. 
!l contains a thermometer /' with its bulb in the ether, and 
also a fine glass tube C open at both ends, the estremity C 
being open to the atmosphere, and the other open end being 
filunged below the ether of A. The bulb S also contains 3 
thermometer /, the object of whicli is to indicate the tem- 
perature of the air. There is a communication between the 



he end £ of this tube 
; of this aspirator 



id the lube D£ and 
h attached an aspirator B; 
ur from A is drawn through 
(be tube ZJ^, and Us pi ice 
supplied by new air entenng 
at C and bubbling up through 
the ether. This continual cur- 
rent of air passing through 
tbe ether causes it to evapo- 
rate rapidly, and a diminution 
of temperature is thus pro- 
duced, until at last dew is 
deposited on the polished sil- 
ver of /I ; the exact moment 
of deposition may easily be 
observed, and if the tem- 
perature of i' be immediately 
noticed, we obtain the dew- 
point with great exactness, 
liiice the agitation of the "a- J/- 

ether renders it certain that the temperature of this thermo- 
meter is precisely the same as that of the polished silver. 
The moment of the disappearance of the dew may also be 
noted, but we have not in this case the same certainty that 
Ihe thermometer and the poJished silver are ot fee %'ime 
temperuU 
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167. Wet and dry bulb hygrometer. This instrument 
was devised by Mason, and consists of two thennoraeters 
(Fig. 38) placed alongside of each other, one having a dry 
bulb and the other a bulb covered with muslin, kept moist 
by an arrangement similar to that in the figure. Owing to 
the evaporation from the latter its temperature will be gene- 
rally below that of the former, and this difTcrence will be 
greatest when the air is very dry, while in a very wet atmosphere 
the two temperatures will nearly coincide; the reason of this 
being that evaporation (ArL izi) is more rapid in dry air. 

It might at first sight a[)- 
pear that the difference be- 
tween the two instruments 
would depend, not only on 
the dryness of the air, but 
also upon its velocity, since 
we have seen (Art. 121) thai 
agitation of the air is favour- 
able to evaporation. Unques- 
tionably the withdrawal of beat 
by evaporation is greater when 
there is a current of air, but 
then it must be remembered 
thai the difficulty of keeping 
a thermometer at a tempcra- 
iiire below that of the air is 
increased by the same c 
and very nearly in the e 
proportion. 

This arrangement may be 
ad\-antageous!y employed as 
L^ple method of ascertaining the hygrometric state of the 
■ with considerable accuracy, and for this purpose aj 




Fig. 38. 



mu/a, devised by Dr. Apjobn, is emv^o^ci. 



This fonnula is founded on the following assumptions. 
Il is assumed, in the first place, that the particles of air in 
contact with tlie wet bulb are reduced by its cooling agency 
from ihe temperature of the surrounding air to that of the 
wet bulb, and that in consequence they give up a certain 
amount of heal to the wet bulb. On the other hand, the 
evaporation of the moisture around the wet bulb drains it of 
beat. Now, when the temperature of the wet bulb has be- 
come constant, the heat which it receives from the air must 
be precisely equal to that which is taken from it by the 
evaporation. 

It is furthermore assumed that the particles of air t 
rounding the wet bulb are saturated with vapour. By means 
of these assumptions it is possible to find the hygro- 
metric state of the air. In order to prove this let us sup- 
pose that d denotes the difference in degrees Fahrenheit 
between the temperature of the ait and that of evapora- 
' tion, or, in Other words, between the dry and wet bulb; 
also let f denote the maximum pressure of vapour cor- 
responding to the temperatur* of the wet bulb, while f" 
denotes the pressure of vapour present in the air which 
we wish to find, and h denotes the height of the barometer 
in inches. 

Knowing the specific heat of air Apjohn found that 4195 
grains of air will, in cooling through d degrees, give out 
gtjfficient heat to vaporise d grains of vapour. If, therefore, 
in the course of a certain time 4195 grains of air have been 
cooled down through d degrees by the wet bulb, they must 
have imparted to it a quantity of heat which (since its ten; 
perature remains constant) must have been wholly spent i 
evaporating d grains of vapour. 

Now, this quantity of air is also supposed to have be- 
r come saturated with vapour at the tempetaWie o^ 'iift -wriL 
bulb. But in order to be saturated at this teTa^fa.\.v«4 
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the air must contain 2613. 



these we have seen that d grains have been supplied by the 
wet bulb, so that the air must have had in it previoualy 



a quantity of vapour equal to 2613.8 



~d. But the 



unknown vapour pressure of the air is supposed lo he/", 
and hence the quantity of vapour originally present in this 

amount of air must have been 2613.88-^. We have 

thus obtained two expressions for the weight of vapour 
originally present in this air ; that is to say, 

2613,88-^-^=2613.88^, 
or approximately 

by which means /" may be easily found. For temperature^ 
of evaporation below 32°Fahr., the formula becomes 



r-r- 



96 30 



the latent heat of evaporation being here somewhat difTerenbr 
Having foundy", or the pressure of the vapour present !l 
the air, we have only lo look in our table for the temperature 
of which the saturation pressure is /" in order lo obtain 
the dew-point. Now it has been found, as the result O^ 
numerous experiments, that the dew-points obtained by l! 
simple method agree very well with those determined tiji 
dirid sbservalitm with Daniell's or Regnault's dew-poid 
hygrometer. 

268. Weight of vapour pTesant in air. Speoifla! 
vity of air. We can easily ca,\cu\3J.e vVe -«>tv^i. W « 
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a Ikrc of dry air at temperature /°C, and of pressure P 
miilimfetres, by the fonnula (see Arts. 136, 149) — 

W. ■,a53.a» grm. x ^ X J^^^^^,- 

In like manner if we wish to know the weight W of a 
litre of aqueous vapour at temperature /' and pressure P', 
we have (Art. 149) — 

(T. 0.6.35 X ...,3.87 e™. X j^ X —^__'-__. 

Suppose now it is wished to know the weight of one litre 
of air at a temperature iS^C, and pressure equal to that 
of 750 millimfetres of mercury reduced to o^C at Paris, the 
dew-point being io°C. 

By Table III., at the end of this work, we find that the 
vapour pressure corresponding to io°C is 9.165 millimStres. 
Hence 740.835 millimfetres will represent the pressure of dry 
air, and 9.163 millim&tres the vapour pressure at the lime of 
ijbservation. Now the weight of the dry air in one litre 
wiU be— 

(F^ ...93.87 g™. X ^^ X ^g—^ = .-.9480 g™. ; 
also the weight of vapour in one litre will be— 

Hence the whole weight of one litre of air will be 
1. 20401 gramme. 

159. Correction for weighing in air. This will be 
best understood by an example. Suppose, for instance, 
that a substance of the approximate specific gravity a. 5 
weighs 100 grammes in the air of which the weight was 
determined in last article, and that the approximate spe- 
cific gravity of the weights against which it is compared 
is g.o. 
Now since the specific gravity of the substance \s. i-^, "* 
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see from Art. 76 that the weight of a cubic d^cimfetre or MtH 
of the substance will be 2.5 kilogrammes, or 2500 grammes H 
and. hence, since it only weighs 100 grammes, its volume 

will be = .04 litre. 

2500 

In like manner the volume of the weights against which it 

is weiKhed will be = .0 i lilre. 

^ 9000 

The weight of sur displaced by the substance will there- 
fore be — 

1.204 gramme x ,04 = .04816 gramme, 
and that displaced by the weights will be .01324 gramm^'] 

Hence the substance will weigh heavier in vacuo than in. 
air by .04816 gramme. 

In the next place it must be remembered that the rnt 
weight of the body in air is somewhat less than 100 grammea 
for the weights against which it is balanced denote 1 
grammes in vacuo, and hence in air they will denote — 
100 — .01324 = 99.98676 grammes, nearly. 

Therefore — 

99.98676 + .048i6 = 100.03492 grammes 
will be the true weight of the body. 



CHAPTER VIII. 

Eff,'Cl of Heal upon other Properlies 0/ Matter. 

. In the preceding chapters we have described 
ton of heat upon bodies, chiefly as it affects their voli 
f condition; but this agent also affects them in 
!■ »raj«, and lo these we shaW no« ^lift-. \!(*.\a' 



first place it may be well to recapitulate very shortly the 
leading results of the preceding articles. 

We have seen that as the temperature of a solid rises it 
almost invariably expands in volume, and also that the co- 
efficienl of expansion is greater at a high temperature than at 
i low one. If we continue to heat the solid it will ultimately 
assume the liquid state. In some bodies this change of 
state takes place very abruptly, but in others very gradually, 
80 that they require a very considerable range of tempera- 
ture in order to complete the change and become perfectly 
liquid. Sealing-wax is an example of the latter class, and 
ice probably of the former. 

In many cases there is an increase of volume as a body 
passes from the solid to the liquid state, but in others, such 
as ice, there is a considerable diminution. In all cases a 
quantity of heat is rendered latent by the change. When the 
liquid state has been compiekly assumed any further increase 
of temperature will generally increase the volume of the liquid 
also. The coefficient of increase of volume is greater in 
liquids than in solids, and, just as in the case of solids, it 
is greater at a high temperature than at a low one. 

If we continue to heat the liquid it will ultimately assume 
ihe gaseous slate, and during the process of change a great 
quantity of heat will be rendered latent, and a very consider- 
able expansion will under ordinary circumstances take place. 
There is some reason to think that, just as in the previous 
case so here, the state of a perfect gas is not instantaneously 
assumed, and that a vapour in contact with the liquid which 
produces it is not a perfect gas. If however this vapour, 
separated from the liquid, be allowed to expand in volume 
white its temperature is not diminished, it will approach 
more and more to the state of a perfect gas. 

161. We shall afterwards see, when we come \.o tt«X cS. 
ttie conduciioD of heat, that the thermaA cotiiuctimtj cS, 



body becomes lessened as its teraperati 
under the head of Specific Heat, we sbaU also find that 
quality of a body becomes altered by change of temperati 
In the meantime let us endeavour to shew how the oil 
properties of a body are altered by increase of temperaturf 

Effect of Temperature upon the Refractive and 
DisPERsrvE Powers of Substances. 

162. One of the first experiments on this subject was tl 
made by Jamin, who gradually cooled down wat 
freezing point, and found that as it cooled its index of i 
fraction went on gradually increasing even after the point 
maximum density (4°C) had been reached. This observatj 
was afterwards confirmed by Messrs. Dale and GladslOI 
who however found thai the reversion at 4^0 of the I 
haviour of water was not without influence on the re£ 
lion, and the following table exhibits the residt of tl 
inquiries regarding the refractive index of water at diffen 
temperatures. 



Tcnipeialuie 


Refnctirc iaia (bi 


Refractive indu for 


Refracdre i„ia 


of 


Ime^ oflh* 
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line if of .fa 
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will ipcctruiD. 


solar ipeGlriiin. 
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o'C 




1.33374 




• 


I-3=9'3 




1-J4377 
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1.33367 


■-V4366 
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1.33356 


1.343M 


1 ^ 


i.VaHKi 


1-3334' 


'34337 


1 " 


1.3=8:9 




I -34331 



i 



Messrs, Gladstone and Dale have since examined a gi 
many different liquids ; their mode of research being to 
ihe liquid as a fluid prism by wiiich to obtain a b) 
spectrum; and they have found — 
/, y}fa/ fhf re/raclion uniformly dminishts as Iht It 
^fr£ mcreases. 
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. Thai /he solar spedrur, 
s liiigih ; thai is, Ihe disper 



iven by Ihe substance diminishes 
1 becomes less as ike iemperalure 



Effect of TE^rPERATURs upon the Electrical 
Properties of Bodies. 

Thermo -electric currents. I wa d o e ed 
ySeebeck that if a circuit composed of t dff 
.t^dered together have one of its junctions h a d an 
current itiill be produced. Thus in Fig. 39, h o 
be made of bismuth and the sides and upper plale of u 
<nd if one of the junctions be heated, then a current of 
eleclricity will circulate in such a manner that there will be 
at the heated junction a flow of positive electricitj' from the 
bianiuth through the copper to the cold junction. The 



represented by the arrows 



direction of this 
liead. The existence of 
riiis current inaj' be easily 
rendered evident ; for we 
have only to place the 
compound circuit with its 
length in the magnetic 
meridian, so that a mag- 
netic needle inside will 
take the direction C C, 
and ihen by heating the Fig 39. 

jimction C by means of a lamp the north pole of the r 
will be deflected as in the figure. The current so produced 
S caSled the thermo-electric current. 

164. Thermo-electric series. If a compound circuit be 
made with any two metals in the following list, the positive 
current will go across (he heated junction iiom X\\t Ttifti-A 
nearest the lop to that nearest the bottom oi t^ie V\s'L .- 
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Bismuth Tin Silver Antimony 

Nickel Copper Zinc Tellurium. ' 

Lead Platinum Iron 

It will be seen that bismuth and antimony are nearly i 

opposite extremities of this table, and as both these metali 

are easily obtained they are generally employed in thermol 

electric combinations. I 

165. Thermo-pile. It was formerly assumed that tn 

cjuantity of electricity set in motion by heating the juncM 

of a compound circuit is proportional to the difference i| 

temperature of the two junctions. It will be afterwards 

(Art. 1 6 6) that when the heating is very great this law 

not hold, but if the junction be only heated slightly it 

represent the truth. In this latter case, if we can find m 

to measure the strength of the current we obtain at the 

time a measure of the difference in temperature of the 

junctions, and thus the combination will be equivalent to 

differential thermometer. 

In adapting a thermo-electric arrangement to this purpoil 
three things have to be borne in mind, if great delicacy m 
desired. In the first place, it will be necessary to produce ill| 
strong an electric current as possible ; in the second placej 

we ought to render this cuncrf 
as effective as possible in de« 
fleeting a magnetic needle; ani 
in the third place, we ought 10 
magnify the smallest motion d 
the needle so as to make ii 
visible. 

In order to produce as stron| 

a current as possible, a numbfl 

of pieces of antimony and bit 

muth are soldered together, * 

Fig. 40. in Fig. 40, and when the heat i 
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applied to the upper junctions we have the united effect of 
all the currents at the hot junctions passing through the 
circuit, including the galvanometer, in the direction of the 
arrow-heads. 

In practice a square block, containing altogether twenty- 
ive couples of bismuth and antimony, is generally emploj-ed, 
and such an arrangement is called a thermo-pile. Thia 
instrument is however incomplete without a galvanometer; 
■ shall now shortly describe Professor Sir William 
Thomson's reflecting galvanometer, which is admirably 

I with the thermo-pile. In this gah 
a small magnet m (Fig. 41) acts as a 
magnetic needle ; it is attached to the 
back of a small flat circular mirror which 
is delicately suspended by a fine thread. 
The needle is surrounded by coils of the 
*ire which conveys the current of the 
thermo-pile, and when the current is pass- ^- 

ing, the needle and attached mirror will of 
course be deflected out of their previous position. But the 
needle m is under the influence of tJie earth's magnetism, 
and under ordinary circumstances a very weak current 
coming from the thermo-pile would be able to turn this 
needle only a very little distance out of the magnetic meridian 
before it would be slopped by the earth's magnetic force 
lending to bring it back. A rather large magnet jT/(Fig. 42) 
is however placed in such a position as to counteract 
as nearly as possible the earth's magnetic force upon 
the needle m which is inside G. The consequence of this 
arrangement will be that whereas without M the earth's 
magnetic force would overcome the current when the mag- 
net m had been deflected but a little way ; now, by means 
of M, the earth's magnetic force on m being very ucwIy 
caanteracted, the magnet m will behave as if it "wett a^X'j.'Ci.t, 





tmtG/tomto iknm am m^ 

S compantndf iDnll dm^ in ^k ,.-^r _. .j- minof^ 
pfOdnce » Vtff Urge change in die position of ibc h 
IfMgc Ml Uie tcale. Abo, from what ha^ been said ii 



OTHER PROPERTIES OF MATTER. 

be seen that this inslrument combined with the thermo-pile 
will have all the requisites of a. very delicate differential ] 
thermometer, For, in the first place, by means of a pile ( 
with a number of pairs we produce a strong current of I 
electricity ; secondly, the ueedle is very sensitive to the in- ' 
fluence of tliis current; and thirdly, small motions of the 
needle are magnified so as to be rendered easily visible, 
being at the same time strictly proportional to the strength 
of the current which causes them. When used to indicate 
the presence of radiant heat ihe pile is generally furnished 
with a brass cone c, the interior of which is polished; by 
which means not only the heat which reaches the pile itself 
but that which falls upon the cone is ultimately reflected 
upon the face of the pile, and its sensibility is thereby 
greatly increased. In the figure there are two brass cones, 
but in the experiment we are describing only one of these 
is exposed to the source of heat, the other being shut by 
a brass cover. The junctions of the pile are also usually 
covered with lamp-black, a substance which absorbs every 
kind of radiant heat. So delicate may an arrangement of 
this description be made, that if a substance be presented 
before the cone c one degree Fahr. hotter than the pile itself, 
mere radialion from this substance, by very slightly heat- 
ing the one face of the pile, will in some instruments cause 
I change in die position of the reflected luminous image 
equal to 50 or 60 divisions of the scale. 

On account of its great delicacy an arrangement of this 
kind is eminently adapted to researches on radiant heat 
— Eis we shall see when we come to that branch of our 
subject. 

166. Tbermo-eleotrio mverBions. It was at first sup- 
posed that tlie current produced by heating one junction of 
a com pound- circuit would prove to be propoiVVQT\a.\ \n '&ift 
difference in lemperature between the two juncUOTi?>. T^va, 
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lunvcvcr, is not strictly the case. Cuminiiig was die 
to shew that in a circuit of certain metals, if one jnncticm 
kt'j)t cool while the other is gradually raised in tem 
the current, instead of going on regularly increasing. 
to diminish, then comes to a stop, and ultimately sets in 
opposite direction. This observer found that if gold, 
co]ii>tir, brass, or zinc wires be heated with iron the di 
of the current becomes changed at a red heat. This sal 
h;\s recently been investigated with much completeness 
Professor Tait. 

167. Pyro-olectricity. Certain minerals when 
arciuirc electrical properties. One of these is tourmaline, 
which this effect of heat was originally discovered by 
^n■ving that when brought into contact with hot ashes it 
attracted iind then repelled them. It was found by C 
that it is not the absolute temperature but change of te» 
pciature which renders a tourmaline electric. Suppose, w 
instance, wo have a tourmaline whose poles we call i 
and //. ' 

If this tourmaline be kept sufficiently long in a medium cf 
constant temi)enxlurc it will exhibit no electric manifestation 
If it be transferred into a warmer medium, A will exhiW 
po.^itive and li negative electricity; while if transferred into 
a (Older medium, A will exhibit negative and B positiw 
electricity. 

A similar property is possessed by other crystals, 
Hady was the first to remark that those crystals are pyi^ 
electric which are deficient in symmetry. 

168. EfToct of temperature upon the electric eofr 
ductivity of bodies. Pure metals. This subject w« 
first studied by Sir H. Davy, but the latest and probaU] 
the most accurate research is that of Dr. A. Matthiessen att 
]\I. Von Bose, who have obtained the following results:— 
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Electric conduclivily. 



Nime of Substance. 


At □"C. 
Silver at o°C 


Silver at O^C 


Silver at lOO-C 


M«r (hard drawn) . - 
Copper (hard dr»wn).. 
ftild (bacd dnwn) .. 


99-9S 
77.96 

'P 


70, J7 
16.77 

HI 

o.8;S 


100,00 








Uad 


8.18 
4.65 
4-55 




Bimrath 



We thus see by comparing together the first and third 
columns of this table that the proportion between the electric 
conductivity of the different metals is very nearly the same 
St ioo°C as at 0°, while by the second column we see that 
the decrement between 0° and 100° is nearly 39 per cent, for 
each metal. 

A later research by Dr. Matthiessen and C. Vogt shews 
that thallium and iron are exceptional in their behaviour, and 
that for thallium the decrement between 0° and ioo°C is 
31.42 per cent. In 1 
iron between the same limit 
cent 

188. IdijuidB. Marianini 
increase of temperature exalts the electric conductivity of 
liquids, and his results have since been confirmed by 
Becquerel, who made experiments on solutions of sulphate 
of copper and sulphate of zinc, and on the nitric acid of 
commerce. From these it appears that a difference of from 
eo to go^C suffices to double the contltietivity of these 
liquids, probably by facilitating electrolysis. 

170. Bad conductors. H*at converts man^ TOwtoatv^ 
soJi<& into conductors by making them liquid, an4 c^ ■iitat. 
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\:. . /:-; :.-.i'-rr i •::": inn liir when i: is trousfht to a red 
\.*:>.\ ., r.o I'.r.i'-rr a::ric:ed by :he magnet. Nickel also 
' ':;i'/;-. Vj \fz rfia;rr.e::c a: the lemperature of boiling oil, or 
;if,'/i*. ^ioo' i'ahr., and cobalt at an extremely high tem- 

\\ \ . \}X<)\y.\S}\i: that change of temperature produces a 
".r/iplrx i\v.\.usiii not only in the magnetic qualities of iron 
I 'III III \\'\ wholf: molecular structure. 

I'Midv.sor harrctl (working out an observation by Mr. 



G. Gore) finds that when an iron wire is just heated to white- 
ness and then ailowcd to cool, as it reaches a point of barely 
visible redness a sudden cherry-red glow takes place accom- 
panied with a montentary elongation. 

Professor Tait likewise shews that iron exhibits an 
anomalous thermo-electric deportment at a red heat, and 
suggests that iron becomes almost a different metal on 
being raised above a certain temperature. 

He also noticed an anomalous thermo-electric behaviour 
in nickel similar to that in iron but at a lower temperature. 

Effect oP Temperature on Chemical Affinity. 

172. An increase of temperature in a great many instances 
promotes chemical combination. Thus phosphorus, if slightly 
heated in oxygen or air, takes fire ; and, generally speaking, 
a large number of bodies which do not combine together 
at ordinary temperatures do so when the temperature is 
increased. 

Sometimes, however, heat promotes chemical decomposi- 
tion, especially when the products of such decomposidon are 
gaseous. Thus, if limestone be heated it parts with its car- 
bonic acid gas and is converted into lime. Many substances, 
too, which possess little chemical stability, decompose on the 
application of heat, often with explosive violence. The ter- 
chloride of nitrogen, and the various fulminates, are examples 
of this class. The effect of heat upon the solvent powers of 
bodies has been already alluded to. 

Effect of Tempehati'he on other Propertles of 



173. It is well known tiiat an increase of temperature 
alters the behaviour of a liquid in a capillary Vube. ^'L.N^rii. 
aodaJsoM. Dn'on have lately made some inVeteslm^ cx.'^t'ct- 
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ments on this subject, in which the capillary tubes com 
the liquids were heated very considerably under pn 
M. Drion has come to the following conclusions : — 

1. That for the liquids studied the capillary meni 
remains concave until the moment of complete evapor 
its form at that instant being plane. 

2. That for the same liquids the capillary ascension 
curvature diminish as the temperature rises, until the mo 
of complete conversion of the liquid into vapour. 

An increase of temperature affects also the extensibility 
bodies. Wertheim has made numerous experiments on 
subject, and he finds that in general metallic threads ol 
more resistance at a low than at a high temperature to 
force tending to elongate them, so that the proportioi 
elongation produced by a given weight is smaller in 
first case than in the second. 

To this law, however, iron and steel present an ex* 
caption, their resistance to elongation augmenting fn 
— 15" to ioo°C, while at 200° it is not only smaller thai 
at ioo°C but sometimes even smaller than at ordinary 
temperatures. 

In like manner the tenacity of a metallic wire, as esti- 
mated by its breaking charge, is altered by increase A 
temperature. This subject has been studied by Wertheim 
and also by Baudrimont, by whose researches it appear 
that the effect of heat is to some extent irregular, tendii^ 
sometimes to diminish and sometimes to increase the 
tenacity if one does not go above 200^C. At a red heat, 
however, the tenacity of iron is very much diminished. 

According to the experiments of M. Grassi the com- 
pressibility of water under pressure diminishes as the 
temperature increases, while heat, on the contrary, appears 
to augment the compressibility of ether, alcohol, 
chloroform. 
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Fn like manner the cohesion and the hardness of bodies 
: diminished by heat, their crystalline form is altered, and 
lead there is no property of matter that is not affected by 
s agent, although it is only in a few cases that its effects 
re been accurately examined. 



BOOK 11. 

ON THE LAWS WHICH REGULATE THE DISTRIBUTIOn 

OF HEAT THROUGH SPACE, 

CHAPTER I. 
Radiant Heat, {Preliminary,) 

174. It has already been stated on a previous occasifli, 
(Art. 5) that a body parts with its heat in two wajf^ 

namely, — 

1. By contact with a cold body, 

2. By radiation through space; 
and in order to render this distinction very evident k 
is only necessary to mention a familiar instance of each 
method. 

When one end of a poker is heated in the fire the heat 
is gradually conveyed to the other end through the sub- 
stance of the poker. This is an instance of conununication 
of heat by contact, the cold particles receiving heat from the 
warmer ones next them, and in their turn conveying it a^ 
to still colder particles, until after the lapse of a comikt* 
able time it reaches the other extremity of the poker. 

Now in this case it is evident that the particles at the 
cold end are not i?nmediately and directly heated by those at 
the hot end, but only through the agency of the interveniiC 
oarticks, and the great characteristic of this process is its 
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esceeding slowness. It is very clear that this cannot be the 
method by which we receive heat from the sun, and indeed 
we have no reason to think that there is matter capable of 
retaining heat between the earth and our luminary. The 
effect in this instance is certainly not due to the heating 
of the intervening regions, but, on the contrary, it is as 
powerful in a very cold atmosphere as in a warm one, and 
may even be felt behind a screen of ice. We know, too, 
that light, and probably also heat, reach us from the fixed 
stars, although these bodies are vasdy more distant than the 
sun. 

It is this heating emanation which we term radiant heal, 
and in its character and distribution it is subject to certain 
laws, which we shall now proceed to describe. In the first 
pl.ce- 

175. Badiation of heat takes place in vacuo afi well 
BB in air. For it takes place between the sun and the earth 
and between the fixed stars and the earth, and we have no 
reason to think that all space is filled with some kind of 
air. 

176. Badiatioti takes place equally on all Bides. 
If a sphere be heated and very delicate thermometers be 
placed. on different sides of such a sphere at equal distances 
from the centre, they will always give the same indications. 
Such a sphere will also appear equally luminous from all 
sides. 

177. Hsdiant heat traverBSB void space in straight 
lines and with the same velocity as light, that is to 
Bay, at the rate of about 186,000 milea in a second. 
The best proof of this statement is derived from the great 
probability, if not certainty, that heat and light are varieties 
of the same physical agent. This subject will be considered 
at a subsequent part of this book. 

J7B. Radiant heat ia capable of paaBing l^aowJS^Q. 
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certain eubBtances without sensibly heating thetn- 
If a pkte of rock salt be placed between us and the si 
shall yet feel to a very great extent the effect of his beams^ 
few of his rays will be stopped, and the screen will not b 
heated to a perceptible extent. 

We may therefore infer that radiant heal passes tliroug[|l 
certain substances without being perceptibly absorbed ( 
heating them to a sensible extent. 

It is, however, probable that no substance is perfec 
transparent with respect to heat (or diathermanous, as it 
termed), and that all bodies are heated to a greater o 
extent by the passage through them of calorific rays. 

179. Hadiant heat is probably not a Bubstan 
emitted by a hot body, but an undulatory motic 
conveyed through a medium 'whioh pervades 
Bpaoe. Apart from the difficulty of conceiving space to ■ 
traversed by excessively minute particles all moving with i 
uniform velocity of 186,000 miles per second, the undulaio 
theory has furnished abundant evidence that light is due to 
progressive wave-like motion in a medium pervading 8pa< 
and much of this evidence apphes likewise to radiant ho 
This hypothesis is now very generally received. 

It will be convenient here to define the various terms C 
nected with undulatory motion. If a stone be dropped in 
a pool of water, a series of waves consisting of crests an^ 
hollows succeeding one another will spread outwards frODJ 
the centre of disturbance. Now the distance between t 
contiguous crests or between two contiguous hollows i 
termed the wave kngth, because in this distance is embrac 
the whole variety of motions which together constitute -. 
wave. When the ocean is agitated by a storm we have b1( 
waves, but here the wave length is obviously much great 
than in the case above mentioned. We thus see "dnaX d 
same substance may be the mefivum qI ■^xqv*%'*'^^ w^I 
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of different lengths. In these instances the direction of 
liislurbance is up and down, while the direction of propaga- 
tion is horizontal ; and thus the displacement of a particle 
is in a direction at right angl-es to that of transmission of 
ihe wave, 

In air we have another substance capable of conveying 
undulations of different wave lengths. These undulations 
constitute musical sounds, the ivave length defining the pilch 
of the note. Thus if one note be an octave lower than 
another, its wave length will be double that of the other. 
The waves of sound are, however, different from those of 
water, inasmuch as they are not waves made up of crests and 
hollows, but of condensations and rarefactions succeeding 
one another ; the direction of displacement of the air, instead 
of being at right angles to that of transmission of the wave, 
being in the same direction. We have thus two varieties o£ 
waves— 

I. Waves of crests and hollows, where the direction of 
displacement is perpendicular to that of transmission. 

a. Waves of condensation and rarefaction, in which the 
direction of displacement coincides with that of transmission. 

Now whether light and heat rays consist of undulations 
of the first or of the second description, in either case we 
are entitled to expect that difference of wave length will 
denote some important difference in the quality of the ray. 
There are many considerations which induce us to imagine 
that diiference of colour is denoted by difference of wave 
length, and that red, orange, yellow, green, blue, indigo, and 
violet have all their peculiar wave lengths. There are other 
considerations which induce us to imagine that these wave 
lengths are very small, being for violet rays no longer than 
.0000167, and for md rays .0000266 of an inch, while for heat 
lays we shall afterwards see Uiat the wave length is some- 
whal longer iban for red rays, 
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But again, there are strong reasons for believing that waves 
of light consist of crests and hollows, while sound waves 
consist of condensations and rarefactions. There is this 
important distinction between the two cases. If we hold a 
string somewhat tightly in a horizontal direction and strike it 
from above downwards, we perceive speeding along it a crest 
and hollow wave for which the direction of displacement is 
in a vertical plane. And if we strike it from the side we 
perceive a similar wave, for which the direction of displaci 
ment is in a horizontal plane. We can have thus two set* 
of crest and hollow waves proceeding in the same directioB' 
along the string, the plane of vibration of the first being 
at right angles to that of the second ; but it is evident that 
we can have no such distinction in waves of condensation 
and rarefaction. Now when the vibrations of a crest i 
hollow wave are always confined to the same plane, that v 
is said to be polarized. Thus in such a wave proceeding i 
a horizontal direction if the vibrations of the particles I 
confined to a vertical plane, the wave is polarized ; and i 
they be confined to a horizontal plane it is also polarized 
but in a direclion at right angles to the former: but if t^"^ 
vibrations have no reference to any particular plane then tl) 
wave is unpolarized. 

Now there are certain processes by which a ray « 
ordinary light may be broken np into two rays that appec 
to have reference to planes at right angles to one anotht 
By such a process the ray is said to be polarized. And tl 
fact entitles us to assume that waves of light are crest a] 
hollow waves and not waves of condensation and rarefactici 
since these last from their nature cannot have a reference t 
any particular plane. 

180. The amount of rodiatioa falling on a givi 
area varies inversely as the square of the Hii^^^m 
of tbg area from the radiatiiiE tooO.-s. """ 
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ihat this law ought theoretically to hold good whether we con- 
sider radiant heat to be panicles ejected by a healed body, or 
lo be an undulatory movement of an ethereal medium pro- 
ceeding outwards from the body. In either case the amoimt 
ofvis viva which at one moment, and at the distance (say) of 
one mile from the centre, covers the surface of a sphere of 
which the radius is one mile, will at anofher moment and at 
the distance of two miles from the centre cover the surface of 
a sphere of which the radius is two miles ; that is to say, the 
ame amount of tis viva or heat will have spread itself over a 
surface four times as large, and hence the amount of vis viva 
M Am/ which falls upon unit of area, or in other words the 
intensity, will be diminished four limes, and will therefore 
rary inversely as the square of the distance. 

The following ingenious experimental verification of this 
law was first given by Melloni. Suppose that we have 
a large red-hot wall before us and that we view it through 
a small lube, blackened in the inside, held close to the 
eye. The opening of this tube farthest from the eye will 
appear to be red hot, and it will appear equally so whether 
we approach ihe eye and tube close to the wall or withdraw 
ihem to a distance, always provided that ike wall be large 
tmugk to fill up ike field of vieuf from the eye. If the eye and ' 
tube be far from the wall, we embrace in the field of view 
a much larger extent of the wall, but we view it from a 
greater distance, and it thus appears that what is gained in 
extent is lost in distance, seeing that in this case the same 
amount of light reaches the ej'e at all distances. Now we 
know that the extent of heated surface viewed in tliis manner 
varies directly as the square of the distance, therefore we see 
ihat the heat which reaches Ihe Q/e from a given extent of 
turf ace mast vary inversely as the square of the distance. 

Melloni applied a tube of this kind not to \.\it fje\iM\ \.ti 
3 thermo-pile, (which is very sensitive to beat ia^5,^'\!i5i\.a.a'OBs. 
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J^.ii: ::.'!, ,^.:*-u::crt, x\ )/' RMnarU Heat. 

Idl. r'le j.^v=s :i" -aiiuiu:!! -viiicii have been stated in 
:rr.:.".:inir ::iapier \r\ ■ituficienc :c exiiibic die great simi 
:ei*v.trn miiaiii iir'ii inii jeuc. inii even to reader it 
\:lw. :iac ':r.cii "iie^it -if.:v:s M't .iue jo the same ph; 
vz tile. 

.»ir ":e:iit;' :i 'iiis is xriazy itren;zthened bv obse; 
.::i.: utt ■i.-.i.iis ; izLEnc Ciena rt rccics are reproduced 
•i.iiiL--.: ie.i:, izii .: ui tv: i «:::iiiji«:eradoa Qi these analoj 
::^■.':en.t^i ±a: -iie 'rtser.: ^haccerwili be devoted. We 
r-:t -- ! • :_:t::: i:;i-:j:r- :.: ±e 5:110 win jr properties of 

3. Arsjrpr'on. 

4. P''/.j.r!za::or. ar.d double refraction. 
fJu*., in the f.rs: place, ^e shall make a few prelimintV 
n^rr.arks on the spectra of heated bodies. 

182. Newton was the first to prove that a ray of sunKglt 
re'illy f/jT.tains, blended together, a very great numbff » 
Kirnplr r;iys, oich exhibiting a different colour; and his fund*' 
riH-nfiil experiment may be shortly described as follows. 

•t» tJik(! a glass prism, and place it with its edp 
till lei a horvAoulal la-y of sunlight strike obliqndf 



linst its side. As this ray passes through the prism it 
I be bent in such a manner that its line of exit will differ 
y much in direction from that of incidence. But, besides 
i, each simple coloured ray of which the compound ray 
;omposed will be bent by the prism in a diffejent manner, 
that the rays which entered the prism in the same direction 
1 leave it in different directions, and we shall thus obtain 

a separated condition all those variously coloured rays 
ich together form a beam of white light. It is easy now 
see what is meant by the term ' Spectrum.' Suppose, for 
Itance, that by an arrangement similar to the ordinary 
jDtographic camera we were to throw upon a screen the 
age of a vertical Une of light. Under ordinary circum- 
pces this image would be a vertical line, but if a prism 
hB interposed in the path of the rays each constituent of 
e light from the slit would be bent by it in a different 
lection, and we should have the vertical image of the slit 
le to one of these constituent rays thrown upon one part 
llhe screen, and that due to another constituent ray thrown 
SOD another part, and so on. We should thus obtiiin not 
K image of the slit hul a very great number of images con- 
guous to one another, so as to form an oblong space 
inminaled by various colours. This space is called the 
Kctrum of the line of light, and if the light be that of the 
sn, it is called the solar spectmra. 

1S3. This oblong space, as we have observed, is differently 
^uied throughout. The following diagram (Fig. 43), in 
^ddi the left side represents the least and the right the most 
^frangible rays, will give an idea of the colour and com- 
BcUive himinosity of the different parts of the solar spec- 
mm. The ordinates of the curve denote the luminosity 
M each part, and it will be seen that the greatest intensity 
flight is in the yellow. 
I, If DOW we obtain the solar spectrum by meajti c? a.'^u^.i^. 
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or set of prisms, which we are sure do not absorb any of the 
rays, or do so only to a very small extent, (and for this pur- 
pose we must use rock salt,) and if we estimate the heating 
effect of each portion of the spectrum by means of a thermo- 
pile or otherwise, we shall have an exceedingly curious result, 



LIGHT SPECTRUM 




which is roughly sketched in the following diagram (Fig. 44), 
in which it will be seen that the maximum heating effect is a 
good deal beyond the red, and that the rays which produce 
it are invisible to the eye. If our instrument for measuring 
heat be delicate enough, we shall also find that the heating 
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Fig. 44. 

effect extends to the right as well as to the left of the visible 
spectrum, although in the former direction it is extremelj 
feeble. 

Besides the illuminating and heating powers of rays thej 
have a third property, namely that of producing chemica 

ion. Chloride of silver, it is well known, becomes black 
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ficned under the influence of light, and it is by making use 
properly that we are enabled to obtain photographic 
of bodies. 

ftuthemnore been recently shewn by Proressor 
that light decomposes certain vapours, such as 
ite of amyl, iodide of allyl, and some others. 
But the action of certain rays upon chloride of silver is 
luch more energetic than that of others ; this being most 
tense for the violet, or more refrangible rays, and even ex- 
kding much beyond the visible extremity of the spectrum 
irards the right. 
We have thus three things — 

I, A luminous spectrum with a maximum of light in 
e yellow. 

a. A heat spectrum with a maximum to the left of the 
sible spectrum. 

3. A chemical spectrum with a maximum probably in the 
olet, and a great intensity of chemical action beyond the 
Diet, to the right. 

184. If we now proceed to consider the spectra of other 
Biinous solid bodies, we shall find that these are very 
Mlogous 10 that of the sun, except in respect of certain 
■k lines, which we may for the present dismiss from our 
Dnsideration. 

If the temperature of the source be high, we have, besides 
great deal of dark heat, a good amount of luminosity and 
mialler amount of chemical action ; but as the temperature 
Screases we perceive a very considerable diminution in the 
of light and a still greater falling off in the chemical 
ys, unti! below a red heat both chemical action and light 

E*"ve entirely disappeared and the whole of the radiation 
Dsists of dark heat. 
Thus if the temperature of the source be low, the whole 
Jiation is of the nature of that portion of the solar s^ecUuio. i 
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which lies in the diagram to the left of red. We shall 
afterwards see what experimental gromids we have for this 
assertion. 

If the temperature be moderately high we get in addition 
a little light, and if it rise still higher, a little chemical action, 
until, when it becomes very high, we have a good deal of 
light and somewhat less chemical action, but we have reason 
to think that in all cases the light and chemical action bear 
but a small proportion to the dark heat. 

185. Dismissing in the meantime the chemical rays from 
our consideration we may separate radiant heat into two 
kinds, the first embracing those rays which by means of 
the prism can be separated from light and which lie to 
the left of the visible rays in the spectrum, while the second 
denotes that heating effect which accompanies light and 
which cannot be separated from it by prismatic analyas. 
With regard to these we must now answer the two follow- 
ing questions : — 

1. Is the dark heat beyond the red composed of rays 
similar in physical constitution to those of light ? 

2. In the portion of the spectrum which is visible is the 
heating effect produced by the very same rays which produce 
the luminous efifect, or are there two sets, the one heating 
and the other luminous, mixed together ? 

We shall best answer these questions by proceeding at 
once to state the various properties of radiant heat which 
have been experimentally proved, and then using these as 
a means of comparing together the two agents heat and 
light. 

Reflection of Heat. 

ark heat is capable of reflection. The follow- 
nent will exhibit the reflection of heat. 
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Snppose that we have two concave metallic reflectors 
facing one another (as in Fig. 45), and let A be the focus 



of the one and D that of the other. Let an iron ball, heated 

to i. temperature somewhat below redness, be placed at A ; 

if we place a piece of phosphorus at D it wiil probably 

lake fire, or if we place a thermometer there its temperature 

will rise much more than if we placed it in any other position 

in the neighbourhood. The reason is, that the raj's which 

I leave the ball A, such as AB, AC, are reflected at £ and C 

' from the polished metallic surface of the one mirror in 

' parallel lines BE, CF, while at E and F these are again 

I reflected by the other mirror in the directions ED, FD, 

and thus converge upon the point D, the focus of that 

In the healing of the thermometer placed at D we have 
thus a proof of the reflection of dark heat from a metallic 
surface. 

Leslie has made numerous experiments with regard to 
ihe reflecting powers of bodies for dark heat. The follow- 
ing was the arrangement which he adopted at a time when 
ihe thermo-pile was yet unknown. In Fig. 46, m is a 
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concave metallic mirror, and the source of heat is a cube 
conlaining hot water, the raj's of heat proceeding from 
which would, if left to themselves, converge to a focus 
at /' ; but in consequence of a reflecting plate a6 being 




placed in their path their focus is at /. It is clear that if 
the plate ad be taken away and another plate substituied 
in its place which reflects only half as many of the rays 
which fall upon it, then the heating effect at _/ will be 
reduced to one-half of its previous amount ; in fact, ibis 
heating effect will be proportional to the reflecting power of 
the surface ad. Leslie measured this effect by means of 
his differential thermometer, an instrument which we ha» 
already described (Art. 29). By this means he obuined OOt 
the ahsolule reflecting power of any body or the number of' 
rays which it reflects out of every hundred which fall up«t. 
it, but only the comparative reflecting power of different 
surfaces. Calhng that of brass 100, he obtained by theao 
means the following result — 

Brass 100 Lead 60 

Silver 90 Amalgamated tin 10 

Tin 80 . Glass 10 

Steel 70 Lamp-black o 
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It win be seen from this list that metals which reflect 
fight most copiously are also the best reflectors of obscure 
heat 

187. The heat which belongs to light is reflected in 
the same manner as the light. M. Jamin has shewn that 
if we take certain elementary rays, or, which is the same 
thing, a certain small portion of the spectrum, the reflecting 
power of any substance with respect to the light of this 
portion will be as nearly as possible the same as its 
reflecting power for the heat. We thus obtain the follow- 
ing table, in which any small difference between heat and 
light may be attributed to error of experiment. 



Metal used for 
reflecting. 



Flatinnm 

Zinc 

Metal of mirrors .... 
Brass 



Green of the Spectrum. 



Reflecting power for 
heat. light. 



58 
63 



62 
62 
62 



Red of the Spectrum. 



Reflecting power for 
heat. light. 



60 
60 

65 

75 



58 
69 

72 



188. Variation of the reflecting power with the 
angle of incidence. It has been proved by MM. de la 
Provostaye and Desains that the reflecting power of glass 
for heat increases very rapidly with the angle of incidence, 
and that the law which regulates this augmentation is, as 
nearly as we can perceive, the same as that which holds 
for light. 

These observers have also found that the reflecting power 
of metallic surfaces for heat varies very slowly with the 
incident angle, a peculiarity which metals also possess with 
regard to light. 

189. Diffuse reflection of heat. MM. Provostaye 
and Desains, and also Knoblauch, have made experiments 
on this subject, and they find that as m l\ve C'a.'s*^ ol \v^\\. 
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some of the rays are scattered about by the surface and 
reflected in art irregular manner, so also with regard to heat 
there is a diffuse reflection or scattering about of the rays. 
The laws of this are not exactly known, but what is known 
tends to strengthen the argument in favour of the identity 
of light and heat. 

190, As the result of the experimental researches made 
with regard to the reflection of heat, we find : — 

1. Dark heat in the same manner as light is reflected very 
copiously by metals. 

2. Heat, whether reflected from a surface of glass or from 
one of metal, is subject to laws precisely similar to those of 
light, whereby the intensity of the reflected beam is con- 
nected with the angle of incidence. 

3. Heat, in the same manner as light, suffers a scattering 
or diff"use reflection from the surface of bodies. 

4. If we confine our experiments to a part only of 
the spectrum, we find that the light of this portion is 
reflected by a surface precisely in the same manner as 
the heat. 

We are therefore disposed tp conclude that, as far as 
reflection is concerned^ dark heat is subject to the same laws 
as lighty and also that, if we take any region of the visihU 
spectrum^ its illuminating and heating effects are caused hy 
precisely the same rays. 

Refraction of Heat. 

191. When Sir W. Herschel first noticed that there was 
a heating effect beyond the red of the visible solar spectrum, 
this observation implied the refraction of heat. But Melloni 
was the first to prove experimentally that the heat which 
emanates from a non -luminous source is capable of refrac- 
tion. His success in these experiments was due to two very 
important aids. 
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In the first place, he found that a plate of rock salt allows 
almost every sort of dark heat to pass through it readily, 
while every other substance powerfully absorbs this kind of 
heat. 

By using a rock-salt prism he was thus sure that the heat 
would not be stopped by the substance of his prism. 
Furthermore, Nobili and Melloni were the first to employ 
the thermo-pile for investigations of this nature, and by an 
improved arrangement of this instrument the latter was 
enabled to detect the presence of an exceedingly small 
amoimt of radiant heat. (This instrument has been already 
described, Art. 165). By means of these two important 
experimental adjuncts Melloni was able to render manifest 
the concentration of dark heat upon the focus of a rock-salt 
lens, and also to shew that it is bent by a rock-salt prism ; 
thus proving conclusively the refrangibility of such heat. 
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F'g- 47- 



Rock Salt 




Ji£hmt 



Fig. 48. 



The method of experiment is illustrated in Figs. 47 and 48. 
The subject was aften^ards taken up by Forbes, 'wbo ^e^^^ 
iAat the refrangibility of dark heat is inferloi to XVvaX ol N^^ 
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luminous rays. By a method founded on the total reflectioo 
of heat he obtained the following indices of refraction, the 
substance bemg rock salt. 

Indices of refractioa. 

Mean luminous rays 1.602 

Heat from Locatelli lamp . . . . 1.57 1 

Heat from incandescent platinum . . 1.572 

Heat from brass at 700° Fahr. . . . 1.568 

It is important to compare this result with that obtained 
by Sir W. Herschel, who found dark rays beyond the red of 
the visible spectrum, and consequently found that they were 
less refracted than light rays. We thus see that dark rays 
of a less refrangibility than light belong alike to sources of 
heat of low temperature, and to those of high temperature, 
such as the sun; the difference being, as we have already 
remarked, that bodies of low temperature give out only dark 
rays, whereas those of high temperature give out also luminous 
rays. Pursuing his researches on this subject, Forbes found 
that the wave length of the heat rays was most probably con- 
siderably greater than that of the light rays, a result in accord- 
ance with the optical determinations of Fraunhofer and others, 
who have found the wave length of the red rays greater than 
that of the more refrangible rays of the spectrum. We 
thus see that dof/i as regards refrangibility and wave length 
the dark spectrum appears to be the appropriate prolongation of 
the luminous one. 

Absorption of Heat. 

192. The discovery by Melloni, that rock salt is a body 
which transmits heat freely, sufficiently indicates that most 
substances which are transparent for light are not so ^ith 
regard to heat. In the language adopted by scientific 
men this is expressed by saying that most substances are 
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I aihermanous, and that rock sa!t is almost the only dialher- 
f/ianous^ aubatance, easily procurable in a state convenient for 
I experiment, the two words italicised corresponding to the 
' lenns opaque and transparent in the s nee o op The e 

are two facts regarding the absorpt on o h a ha may h 
advantage be discussed here. In h fis pae uher he 
htat which radiates from a hot bod_ h pa d h ough tie 
icreeit it is more easily able to penet ah n f h 

same material. This was origina Ij observed bj De la 
Roche, and his observations have since been abundantly 
confirmed by Melloni, Forbes, and others. They have 
eitpressed it as a sifting of the radiant heat by its passage 
ihrough the first screen ; certain rays being stopped and 
only those allowed to proceed which are of a nature 
easily able to penetrate the material of the screen. It will 
be observed that this is quite analogous to the action of a 
red screen upon light, which stops the blue rays but allows 
the red to pass, nor will these red rays be much diminished 
by a second screen of the same material. ■ 

A selective absorption both for heat and light is thus 
exercised by solid and liquid bodies, in virtue of which 
certain rays are set apart to be stopped while certain others 
are allowed to proceed. 

It may be remarked that besides selective absorption of rays 
by substances there is probably also a more general absorp- 
tion, which may conveniently be kept separate from the 
former. We have some grounds for believing that very thick 
strata of air, water, glass, or any substance seemingly trans- 
parent, will ultimately stop light, possibly at a rate not 
greatly differing for the different rays. 
But to return to seleclive absorption. We have reason to 

' Dr. SchuHz-Sellick (Phil. Mag., May 18 jo) considers it probable ftom 

liquid iWu ire piitially diatbeinunous fur lamp-black heal at lOo'C : like- 
WiK tnaay sulphidei. 
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think that this property, as regards both light and heat,i^ 
strongly marked in gases: indeed the vapour of sodium 
is found to be quite transparent for every kind of light 
except for that from a salt flame, for which it is quite 
opaque, and Professor Tyndall has also observed a similar 
action of gases with respect to radiant heat. 

We remark, in the second place, /haf most substancdt 
including those that are transparent /or light, are generally 
opaque for dark heat 0/ great wave length and small re/ran^' 
bility. Rock salt has been mentioned as an exception, but 
even this is not perfectly diathermanous. Provostaye and 
Forbes have both found that it passes a smaller proportion 
of heat rays than of light rays, and the author of this work 
has attempted to shew that the rays which it stops are those 
of very great wave length. Forbes has also shewn that trans- 
mission in general raises the index of refraction of the 
transmitted heat; in other words, a screen stops in prefer- 
ence those rays which have the lowest index of refraction or 
greatest wave length. But this rule, though very general, 
is not universal; for it has been found by Melloni and 
Forbes that smoked rock salt, and mica split by heat into a 
bundle of thin pellicles, transmit in preference dark rays; and 
by Tyndall that a solution of iodine in bisulphide of carbon 
has the property of completely stopping the light rays, while 
it allows dark heat to pass in great quantity. Tyndall 
found that a fluid lens formed of this solution and enclosed 
in rock salt will stop all the light from an electric lamp, but 
permit the dark rays to pass in suflficient abundance to pro- 
duce incandescence. We shall on a future occasion return 
to the important subject of absorption of heat. 

Polarization of Heat. 

193. We have seen that there are analogies between 
light and heat as regards reflection, refraction, and absorp- 
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t might be expected that the same should hold 
fcrds polarization. Malus and Berard were die first 
w that the heat accompanying solar light is capable 
of polarization. In 1834 Professor Forbes took up the 
inquiry; but before describing his experiments it may be 
well to describe the action of tourmaline and glass with 
respect to light. If a plate of tourmaline be cut with its 
plane surface parallel to the axis of the crystal, and if a ray 
of ordinary unpolarized light b* allowed to fall upon it, it 
divides the ray into two parts, one polarized in the plane 
of the axis, and the other in a plane perpendicular to the 
ajds, and the former of these is absorbed while the latter 
B allowed to pass. The light transmitted through such a 
plate will therefore be polarized in a plane perpendicular 
ID the axis of the crystal. If now a similar plate of tour- 
maline be placed behind the first, but with its axis at right 
angles to the axis of the first, then the light transmitted by 
the first will be absorbed by the second, so that the com- 
bination will be virtually opaque; if, however, we turn the 
second plate round until the axis of both plates coincide, then 
the combination will be transparent. Again, if a bundle of 

, plates of glass or any similar substance, such as mica, be 
held together, and if a ray of light be allowed to strike 
obliquely at a certain angle upon it, part of this will be 
reflected and part will be transmitted through the plates. 
Now it is found that the reflected light is very nearly 

I polarized in om,- plane, and the transmitted light in a plane 
perpendicular to that of the reflected light; and further- 
more, if the reflected or the transmitted ray be again re- 
flected or transmitted by a similar bundle of plates, but 
with its plane of incidence perpendicular to that of the first 
bundle, then the rays that have been reflected by the first 
bundle will not be reflected by the second, noc will tliQse 

I that have been iransmitted by the firsl bundie \)e ^■ra.'t«\wS.^Si^ 
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by the second. But if the plates are parallel, so that the 
planes of incidence coincide, then they will reflect or transmit 
the rays. 

Now if radiant heat be similar to light, we should 
expect phaenomena similar to the above; and accordingly 
Forbes, by using two plates of tourmaline cut with their 
planes parallel to the axis, proved that there was a marked 
additional stoppage of heat (just as there is of light) when 
the axes of the two plates were crossed, whether the source 
of heat were a lamp or brass heated below luminosity. He 
also proved that heat, like light, is polarized in the pro- 
cesses of reflection and refraction. In his refraction ex- 
periments he employed mica split by heat, and therefore 
acting like a bundle of plates. In this state the substance, 
ordinarily transparent, assumes a glossy silvery appearance, 
and, though nearly opaque to light, allows nevertheless a 
large portion of heat to pass ; and if the rays of heat make 
a proper angle with the surface they are found to be polar- 
ized to a considerable extent, and hence two such screens 
placed in opposite directions are found to stop a large 
portion of the incident heat. This result was found to hold 
for all kinds of heat, including that from the blackened sur- 
face of a vessel containing boiling water. In addition to 
these results Forbes was able to prove the circular po- 
larization and depolarization of heat. Circular polarization 
was proved by using a rhomb of rock salt, while by inter- 
posing a film of mica between his polarizing and ana- 
lysing plates, which had their planes of incidence inclined 
at right angles to one another, and observing whether any 
diff"erence of heating effect appeared when the principal 
section of the plate was parallel to the plane of primitive 
polarization or inclined 45° to it, he shewed the depolariza- 
tion of heat. 

Other observers have confirmed these results, and have 
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furthermore shewn that very tnavy of Ike phenomena of optics 
tan be reproduced by dark heat. Indeed, the analogy between these 
two agents is as complete as our experiments are capable of 
shewing. Our instruments are doubtless very delicate, but it 
ought to be borne in mind that the most refined apparatus 
is far less sensitive for dark heat than the eye is for light. 

CoNCL^IDl^■[; Remabks. 

194. The facts detailed in this chapter all tend to shew 
that radiant light and heat are only varieties of the sa 
physical agent, and also that when once the spectrum 
a luminous object has been obtained, the separation of the 
different rays from one anollier is physically complete; 
GO that if we take any region of the visible spectrum, its 
iUuminating and heating effect are caused by precisely the 
same rays. We may extend this observation to that region 
of the spectrum near die violet, or most refrangible extremity, 
which possesses not only a luminous but also a chemical 
effect, and assert that these two effects are caused by the 
same rays. The solar spectrum, it is M'cU known is inter- 
sected with dark lines, of which more hereafter; in the 
meantime suffice it say that these lines have done good 
service in shewing that there is only one agent at one part of 
the spectrum. Thus towards the left extremity, or the red, 
we have at the same time a healing and a luminous effect. 
Now whenever a dark line occurs this of course denotes 
that a certain ray of light is absent, but by means of very 
delicate investigations with the thenno-pile it has been 
found that heat as well as light is absent from the spaces 
occupied by these lines. 

So also towards the right extremity, or violet, we have 
at tlie same time a luminous and chemical effect, and 
we may therefore obtain a map of this region eithec frooL 
eye obsen-ations or by means of photography. "^Sq-^ •«\i'aj; 
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two maps obtained by these two different methods are com- 
pared together, it is fouiid that the same dark lines occur in 
both, or, in other words, an absence of luminosity implies at 
the same time an absence of chemical effect. 

Furthermore, we have reason to suppose that the physical 
distinction between different parts of the spectrum is one 
of wave length, and that rays of great wave length are in 
general less refracted than those of small wave length. 

We would remark, in conclusion, that while the effects 
produced by different rays are generally divided into their 
heating, luminous, and chemical effects, yet there is a 
material distinction between the lirst of these and the 
other two. The luminous effect depends upon the constitu- 
tion of the eye, and may be possessed by certain rays and 
by these alone ; the chemical effect also, as it depends upon 
the nature of the substance and of the change which it 
undergoes, may be possessed by certain rays but not by 
others. But we are led to think that the heating effect of 
a ray is the true physical measure of its power, so that by 
making (as we can make) any portion of the spectrum 
wholly available in healing a body and by estimating exactly 
the heating effect which is produced, we shall at once know 
the amount of energy or i>is viva of which this portion of 
the spectrum is possessed. 
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CHAPTER III. 

Theory of Exchangts. 
196. At an early stage in the history of radiant 1 
s following question arose. A hot body, 
i^iites beat towards those bodies that are of a lower t« 
Uture than itself, but does ll also Ta&a.\e -«\«». wa 
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bodies of a temperature equal to its own or oF a higher 
temperature ? in other words, is the radiation of a given 
Ibody at a given temperature dependfint upon the bodies that 
surround it, or is it independent of tliese ? 
I Either hj'pothesis will serve to explain the fact that bodies 
■of the same temperature neither gain nor lose heat by virtue 
lof each other's presence, for we may either suppose that 
such bodies do not radiate at all to one another, or else that 
each one radiates and receives back as much heat as il 
gives out. Upwards of seventy years ago Professor Pierre 
Prevost, of Geneva, introduced this latter idea, and ever 
since that time it has been gaining ground, and is now very 
generaliy received, 

Prevost's theory was called by its author that of a moviahk 
tquilibrium of lemperalure, and according to it bodies at all 
lemperalures are constantly radiating heat to one another, 
fflule those of a constant temperature get back as much 
heat as they give out. The eq-uiiibrium suggested by Prc- 
■TOSt is not therefore a statical or tensional equilibrium or 
one of repose, but it is essentially an equilibrium of action; 
and viewed in this light it would seem to flow naturally &oai 
the dynamical hypothesis which views all heat as a species 
of motion. 

Let us take, for instance, a thermometer : this, according 
to the theory of exchanges, is constantly giving out heat 
at 3 rate depending on the temperature of the bulb and 
independent of that of the surrounding enclosure. On 
ihe other hand, it is receiving' heat from this enclosure 
at a rate depending upon the temperature of the enclosure 
and independent of that of the bulb. Thus its heat- 
expenditure depends upon its own temperature, its heat- 
receipts upon that of the enclosure, and there is equilibrium 
of temperature when its expenditure is exactly biW\ccd b") 
its receipts. 
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196. A curious experiment by Pictet was probably the 
means of leading Prevost to this theory. Pictet, reversing 
the experiment of Art. i86 (Fig. 45), put ice, or a freezing 
mixture, in the focus of one of the reflectors, and a thermo- 
meter in that of the other. And in consequence of this the 
temperature of the thermometer was found to fall. This 
fall would be at once explained if we could suppose cold 
to be a principle susceptible of radiation. It was probably 
his conviction of the inadmissibility of this explanation that 
led Prevost to frame the theory of exchanges, and a very 
little consideration will shew that Pictet's phsenomenon can 
be easily explained by this theory. Referring to Fig. 45* 
let us first take the case in which the bulb of the thermometer 
at D is of the same temperature as the substance at i. 
According to the theory of exchanges, rays DEy DF^ &c 
will proceed from the bulb D, and ultimately, by virtue of 
the laws of reflection, will be concentrated upon the sub- 
stance at ^. In order therefore that the bulb D may not 
lose heat, it is necessary that the place of these rays be 
supplied by other rays of equal intensity, that is, by AB^ 
AC, &c. which proceed from A and ultimately fall upon D, 

It thus appears that when D and A are of the same 
temperature both sets of rays are of equal intensity, and 
hence the thermometer will remain stationary. 

Again, when A is warmer than D the rays which reach 
D from A are more intense than those which reach A from 
Dy and hence D will gain heat, or the thermometer will rise; 
this is the ordinary experiment. 

But, on the other hand, when A is colder than D the 
rays which leave D for A will be more intense than those 
which reach D from A, and hence D will be deprived 
of heat, or the thermometer will fall; this is Pictet's 
experiment. 

We see therefore that the theory of a moveable equjli- 



L 



bnum explains very well the apparent reflection of cold, 
and that, according to this theory, the same cause which 
in the one case makes the thermometer peculiarly sensitive 
to an increase in the temperature of the opposite body (that 
is lo say, the reflection from the concave mirrors), w 
ihe other make it equally sensitive to a diminution of the 
same temperature. 

187. Besides this happy explanation the hypothesis of 
Prevost has consistendy vindicated its claims to represent 
ihe truth, not only by explaining very many experimenta, 
bat also by suggesting new truths which have afterwards 
received an experimental verification. 

This theory, since its proposal by Prevost, has been de- 
veloped by Provostaye and Desains, and more recently by 
the author of this work and by Kirchhoff. It will, perhaps, 
best conduce to clear conception if at first we assume the 
truth of this hypothesis, and then deduce its legitimate 
elusions, shewing at the same time that these are all sup- 
ported by experiment. Deferring until next chapter a proof 
in favour of the theory derived from the laws of cooling 
as ascertained by Dulong and Petit, let us for our present 
purpose imagine lo ourselves a chamber of the following 
kind. 

198. Let the walls which surround this chamber be kept 
at a constant temperature, say ioo°C, and let them be 
covered wiih lamp-black^a substance which reflects no 
heat, or at least very little ; — also let there be a thermometer 
in the enclosure. It is well known that this thermometer 
will indicate the temperature of the surrounding walls, 
that it wii! be a matter of indifference whether it be hung 
in the middle of the enclosure or at one of the sides 
whatever part of the enclosure this instrument is placed its 
indication will be precisely the same, na.mcly \qq°C. (Js 
wbal foUowa it ought to be clearly borni in mind 'Cta.x -w^ •«» 
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now supposing the theory of exchanges to be true, according 
to which bodies even of the same temperature are always 
giving and receiving radiant heat.) \ 

Equilibrium of Heat Rays. 

199. Heat equilibrium of surfaces. Suppose that ti»; 
outside of the bulb of the thermometer of last article is covered 
with tinfoil, so that its reflecting power is considerable. Now 
according to the theory of exchanges this thermometer is 
constantly radiating heat towards the lamp-black, but it is 
receiving back just as much as it radiates. Let us call tbc 
radiation of lamp-black 100, and suppose that 80 of these 100 
rays which strike the thermometer are reflected back from its ^ 
tinfoil surface, while the remaining 20 are absorbed. Since 
therefore the thermometer is absorbing 20 rays, and since 
nevertheless its temperature is not rising, it is clear that it i 
must also be radiating 20 rays, that is to say, under suck- 
circumstances its absorption and radiation must be equal to om ' 
another, ' 

If we now suppose the outside of the bulb to be blackened 
instead of being covered with tinfoil, the thermometer viB 
absorb nearly all the 100 rays that fall upon it, and just as 
in the previous case, since its temperature is not rising, it 
must be radiating 100 rays. 

Thus we see that when covered with tinfoil it only 
radiated 20 rays, but when blackened it radiates 100. The 
radiation from a reflecting metallic surface ought therefore, 
if our theory be true, to be much less than from a blackened 
one. This has been proved experimentally by Leslie, who 
shewed that good reflectors of heat are bad radiators, 

200. Again, we have seen that in the case of the bulb 
covered with tinfoil 80 of the 100 rays which fell upon it 

re reflected back, and we have also seen that 20 rays were 
iated by the bulb. Hence the heat reflected //i« the heat 



radiated by ihis thermometer in the imaginarj" enclosure wiV 
be equal to loo, that is to say, it will be equal to the lamp- 
black radiation from the walls of the enclosure. We may 
generalize this statement by saying that in an enclosure of 
conslanl iemperahire the heat reflected plus the heat radiated 
by any substance will he equal to ike total lamp-black radi- 
ation of that temperature, and this will be the case whether 
ihe reflecting substance be placed inside the enclosure or 
whether it form a part of the walls of ihe enclosure. In fact, 
-we may conceive the walls of such an enclosure to be formed 
of every variety of substances from polished metal to h 
black, and yet the total flow of radiant heat coming from 
one portion will be the same a.s that coming from another 
porlion, the only difference being that in the case of a re- 
flector, such as the thermometer with tinfoil, this heat 
partly radiated and partly reflected, while in the case of 
lamp-black it is altogether radiated, the reflected heat being; 
insensible. 

The statement that the heat reflected plus the heat radiated 
by any substance in an enclosure of constant temperature 
will be equal to the total lamp-black radiation of that teni' 
perature has been experimentally verified by MM. Provostaye 
and Desains, who found — 

Radiation from polished silver at a given temp. - 2. 

Reflection by silver of rays (represented by too) 
from lamp-black at this temperature = 97. 

Sum = 99. 

Now 99.2 comes very near the lamp-black radiation, or 1 

They also found that the sum of the reflected and radiated 
heat from glass at different angles was equal to 93.9 (lamp- 
black radiation being equal to 100); and the difference 
between 93,9 and 100 they supposed to be Aae to dvffvjsft 
reSeciion. 



TBEORT OF EXCSAIVOBS. 

20L Let us now once more return to our chamber 

' constant temperature, and imagine the thermometer cani 

from one part of the chamber to another where the surS 

is of a different shape. 



We may, for 



|*ve miiy, lor msLaiice, piiss iVom Fig. 49, where the ttt 
mometer T is at I 
. centre of a sphere,' 

y""^ ^"X. A Fig. 50, where it 

/ \ / \ ^^'ithin an acute aug 

I • 1 /•X I" t''^ first case, 1 

I / / \ ^^^'^ which reach I 

\ y I \ instrument wiU be thi 

^ v^ ^ •'^ • 1 which have been en 

I Fig. 49. Fig. so. ^^^ by the surrounding 

I spherical envelope ^ 

k direction perpendicular to the surface ; but in the latld 
case, most of the rays reaching the thermometer will ba4 
been emitted in an oblique direction. Vet the thermomeW 
receives precisely the same amount of heat in both casMi 
and will always do so, whatever be the shape of the si» 
rounding enclosure. 

In line, in such an enclosure streams of heat may \k 
supposed to be passing and repassing in every possibh 
direction, and to be equally intense in al! directions, withori 
the least regard to the shape or substance of that part of dM 

enclosure from which they come. 

Thus the stream of radiant hell 
impinging upon the surface AB (Fif 
51) in the direction CA perpendicdal 
to AB will be the same whether it b( 
supposed to proceed from a sur&cs 
CD parallel to AB or from a ; 
C^ inclined to AB. It thus a 
that in our hypothetical incl 
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constant temperature the heating effect of a stream of heat 
is solely dependent upon its cross section, that is to say, 
upon the extent of surface AB perpendicular to its direc- 
tion which it will exactly cover. This result has been verified 
sntally by Provostaye and Desains ; these observers 
f found, as we have already said, that the sum of the 
1 and radiated heat from glass at different angles 
% constant quantity. 
When the source of the rays is a non-refiectlng substance 
I such as lamp-black, the statement of this law is very simple. 
We see frora Fig. 51 that the heat which leaves the surface 
h CD in the direction CA is precisely equal to that which 
' leaves the surface CE in the same direction. 

Hence the heat which radiates from a surface of lamp-black 
in any direction is proportional to and may be represented 
I by the projection of this surface upon a plane perpendicular 
I 10 the direcrion of the rays. 

, This result has been experimentally proved by Lambert 
' of Berlin and also by Leslie, who made observations upon 
the heat from blackened surfaces at different angles. 
The method of observation is very simple. Fig. 52 



represents the arrangement where A is an aperture behind 
which the heated body is placed. Now if this body be a 
blackened surface, it is quite immaterial whether it be ^lu»d^ 
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in the position B or B', provided it be large enough to fill 
up, in the latter position, the field of view from the cone ; 
in both cases ihe galvanometer attached to the pile will give 
the sarae indication. Undoubtedly, when the surface is in 
the position B', a greater extent of this will be viewed by 
the cone; but as far as radiant heat is concerned, we may 
imagine the surface to be projected upon the aperture .4, 
so that if the field behind this aperture be filled up by the 
blackened surface its inclination or curvature is of no con- 
sequence. 

The same result would take place if for the sensitive pile 
we substitute the human eye, and for B a red-hot plate,j 
For if such a plate always fills up the field of view behind 
this aperture A the result to the eye will be independent 
of its curvature and inclination, and in all cases the aperture' 
will appear as a red-hot field, of the same intensity, 

202. We have seen that the stream of radiant heati 
which strikes upon the thermometer in our enclosure of 
constant temperature is independent both of the material* 
and of the shape of the walls of the enclosure, so that if di^ 
instrument be carried from one part to another, there will ^ 
no change in the amount of radiant heat falling upon it 
Something more however is necessary, for we must not onl] 
have the qiiajtlily of heat which falls upon the thermomet^ 
the same throughout, but the quality of this heat must aU 
remain the same. It will be necessary to give a bhort e^ 
planation of the word '<[uaUty' It is well known that differeol 
kinds or qualities of light affect the same substance U|[ 
difierenl ways, thus red glass will absorb green light while 
it will allow red light lo pass. In like manner there are 
a great many different kinds of dark heat, and the same 
substance will absorb some of these much more rapidly than 
others. So also heat as weW as light may be polarize(| 
aad we have already seen (^/iit iQ'il ^5ft«- * wfcfiAaswR «u 



35 tonnnaline absorbs heat polarized in one plane with 
greater intensity than heat polarized in a plane perpendicular 
, to the former. 

I Now the word ' qualify' is here taken to denote any specific 

I ^Kuliarity, whelhtr of wave length or polarization, which causes 

nvs of heat to be differently absorbed by any substance. 

When we say therefore thai two pencils of heat are of the 

I ame quality, we mean that the mixture of wave lengths in 

Ihe one is precisely the same as in the other, and also that 

I the polarization of both is the same. 

Suppose now that our thermometer is covered with some 
snbstance which displays this selective absorption for certain 
kinds of heat, and that we carry it about from one part of 
the enclosure to another. It will not only be necessary that 
the quaniily of radiant heat which beats upon our Ihermometer 
shall be the same throughout the enclosure, in order that the 
instrument may preserve its constancy of temperature, but 
the quality of this heat must also be the same ; for if not, we 
might suppose thai in one place the heat is of a kind that is 
greedily absorbed by the coating of the bulb, and that in 
another place it is of a kind that is reflected back from this 
coating; ; thus although the quantity of heat falling on the 
bulb might be the same in both places, yet the thermometer 
would absorb more in the first case than in the second, and 
its constancy of temperature would be destroyed. It is 
therefore clearly necessary that the stream of radiant heal 
which beats against the thermometer as it is carried about 
in the enclosure should be the same at all places, both as 
to quaniily and qualify. 

Various experiments go to prove this uniformity both in 
the quantity and quality of the heat from different pans of 
an enclosure of constant temperature. Perhaps the most 
striking of these is that when an enclosure is heated to 
a red or white heat the luminous rays from the different 
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parts of this enclosure will be the same both in quantity 
or luminosity, and in quality, or colour, and will depend only 
on the temperature, and not on the nature of the materials 
composing the walls of the enclosure. 

Again, as regards polarization, certain experiments by 
Provostaye and Desains appear to shew that the stream of 
heat in an enclosure of constant temperature is unpolarized, 
and that if there be a reflecting substance in the enclosure, 
so that the reflected portion of the heat from it is polarized, 
then the radiated heat from this substance will be polarized 
in the opposite way, so that the whole heat reflected and 
radiated together is unpolarized. 

203. We are now in a position to extend the remark 
already made (Art. 199) with regard to the equality of the 
absorption and radiation of a surface in our hypothetical 
enclosure. Such a surface must not only give back by 
radiation to the general stream of heat as much as it with- 
draws by absorption, but what it gives back must be of the 
same quality as that which it withdraws. The absorption 
of such a surface will therefore be equal to its radiation, 
and this equality will hold for every individual kind of heat 
of which the whole heterogeneous radiation is composed. 

204. We deduce therefore, as the result of our inquiries, 
both theoretical and experimental, in this branch of our sub- 
ject, that in an enclosure of constant temperature — 

1. T/i€ stream of radiant heat is the same throughouty 
both in quantity and quality ; and while it depends on the 
temperature it is entirely independent of the materials or shape 
of the enclosure. 

2. This stream is unpolarized, 

3. The absorption of a surface in such an enclosure is 
equal to its radiation, and this holds for every kind of 
heat. 

205. Heat equilibrium of plates. Returning once 
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ur chamber of constant temperature, let us bus- _ 
pend in it a thin ptate of rock sail. Now since the tem- 
perature of this plate remains constant, the plate raust radiate 
just as much heat as it absorbs. But rock salt (Art igi) 
absorbs very little heat, hence also it will radiate very liitle. 
Moreover, a thick plate will absorb more than a thin one, 
and hence also it will radiate more. Both of these con- 
clusions have been verified by the author of this work. 
By making use of the thermo-pile he has found that the 
radiation from a thin plate of rock salt is only 15 per cent, 
of the total lamp-black radiation for the same temperature, 
and that the radiation from a thick plate of rock salt iS 
greater than from a thin one. 

206. Suppose, however, that instead of rock salt we had 

suspended two plates of glass of unequal thickness. Since 

ihis substance is extremely alhermanous, that is to say 

opaque for heat, either of these plates would probably 

)rb nearly all the heat which fell upon it, and hence 

radiation of both plates (radiation being equal to ab- 

jtion) would be sensibly the same, and would be very 

fact it would be much the same as if they stopped' 

whole heal, or were covered with lamp-black. 

From this we see what it was that misled the early 
imentalists on this subject, and induced them to think 
radiation was confined, if not to the surface of a body, 
;ast to a very small depth beneath it. They found that 
metallic surface was coated with varnish its radiative 
vas very much increased, but that very soon this 
attained its maximum, after which an additional 
coating produced no further effect. But the reason of this 
was, not that radiation is in all cases confined to a very 
small distance beneath the surface, but that ihese coatings 
wer^of a very athermanous substance, so that a very smaR 
thickness was practically equivalent to & surfEice oC la.^ 
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black. Could it have been possible to have applied a coating 
of transparent rock salt, the result would have been very 
different. 

208. Let us now take our thermometer and cover its 
bulb once more with a substance having a selective absoip- 
tion for heat, and, further, let us hang up before it in the 
enclosure a plate of rock salt. No change in the indication 
of the thermometer will take place ; but in order that the 
temperature of this thermometer may remain without change 
it is obviously necessary that this plate of rock salt should 
change neither in quantity nor in quality the stream of heat 
which impinges against the bulb ; that is to say, this stream 
after it has passed through the plate must be precisely the 
same both in quantity and in quality as before it entered it 
For if the stream of heat after having passed the rock salt 
were to be changed in quality though not in quantity, it 
would nevertheless affect differently the bulb of the ther- 
mometer which we have imagined to be coated with a sub- 
stance having a selective absorption for heat. But in order 
that the rock salt may not change the quality of the stream of 
heat which passes through it, its absorption must be equal to 
its radiation for every kind of heat. 

This result has likewise been verified experimentally by the 
author of this work. If the kind of heat which rock salt 
absorbs be the same as that which it radiates, it would 
follow that a cold plate of rock salt ought to be exceedingly 
opaque to the radiation from heated rock salt. That is to 
say, if in heated rock salt there be a plentiful radiation of 
a peculiar kind of heat, in cold rock salt there ought to be 
a plentiful absorption of this very heat. Now this was found 
to be the case. A moderately thick plate of this substance 
was found to stop at least three-fourths of the heat from 
a thin plate of heated rock salt, whereas it will only stop 
a small proportion of ordinary heat. 
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209. This affords an explanation of the fact that two 
piates of rock salt placed the one behind the other (equi- 
valent to a single plate of double thickness), do not radiate 
twice as much as a single plate. For 
let F.F be the front surface of such 
a double plate, of which CD repre- 
sents a line midway bet^'een the two 
surfaces. Now, while as much heat 
will cross the line CD from the hinder 
half of the plate as would be radiated „, 
from the single plate A BCD, a great 
proportion of this heat {probably three -fourths) will be ab- 
sorbed by the front half in its passage through it, since we 
have seen that rock salt absorbs intensely the heat which it 
radiates. Hence, if the radiation of the single plat 
that of the double plate, instead of 2, will probably not be 
more than i^. 

210. Our readers will thus be prepared to see that radia- 
tion is a thing which goes on in the interior of a plate 
just as much as near the surface ; and they will also see 
that it does not necessarily follow from this that the radia- 
tion of a plate should be proportional to its thickness, hut 
very much the reverse; — indeed, had the substance of the 
plate in Fig;. 53 been glass instead of rock salt, the single 
plate would have given out sensibly the same amount of 
heat as the double plate, since in the latter the heat from 
ABCD would all have been stopped by C D E F. We 
are thus prepared to see that in the inkrior 0/ substances, 
as well as in air or in vacuo, a stream of radiant heat m 
eoHslanlly passing and repassing in all directions, and in 
the case of constant temperature, as this stream of heat passes 
any layer of particks it is just as much diminished hy the 
absorbing action of these particles as it is recruited by I 
radiation, so thai the stream flows on virtually uncFiangtA 
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both in quantify and qualify until at last it reaches 
surface. 

ail. Amount of internal radiatiou. We have now 
to consider a more difficult quesrion, which may be thus 
stated. Supposing we have several different substances 
all remaining at the same constant temperature, will the 
streams of radiant heat continually passing and repassing 
in the interior of these substances be equal to each other? 
In the first place, and before attempting to answer this 
question, we must shew how the intensity of a stream of 
radiant heat may best be measured. For this purpose, 
let us suppose a small square surface representing UDi^ 
of area to be placed in the interior of an enclosure, or b 
a substance surrounded by an enclosure kept at an unifon 
temperature. In accordance with the theory of exchange* 
streams of radiant heat will be continually passing throug 
this surface in all direcdons ; let us confini 
those rays, which are as nearly as possible perpendicular 
the plane of our square unit. But it may be said, why I 
confine our attention to rays strictly perpendicular to t 
plane? In answer to this, we remark that in our press 
investigation (the reason will afterwards appear) i 
regard a ray in the sense in which a straight line is regarded 
And just as a line is in reality alwaj's part of the bounds^ 
of a solid, so a ray is always in reality part of the boundar 
of a beam or pencil of light. We may satisfy ourselves tl 
ibis is the case in nature by considering the light whid 
reaches the eye from a star or other object apparently v 
small ; this would seem to be the nearest approach to i 
geometrical line of light; nevertheless, since a star has i 
certain real though very minute angular diameter, the ligl] 
from it to a point of the eye is in reality a converging peoq 
although no doubt the angle of convergence is very smal' 
We will confine our atienUon towefoit w» vkj* m. ■» 
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is possible perpendicular to our unit area. Let B (Fig, 54) 
represent this area, and let CBD be a very small pencil 
or cone of rays nearly perpeudicular to the plane of B. 
the central line AB beirg strictly perpen- 
(licular to this plane. Now if we suppose the ^ C^^ d 
angle CBD as well as our Tinit area to remain i i 

constant while we pass from one substance to '■ i \ 
another, then the quantity of heat radiated in an 
unit of time upon this unit area B through 
directions comprised within the small cone CBD 
may be taken to denote the intensity of internal 
radiation of the substance in question, 

212. The circle CAD may in fact be com- 
pared to the disk of a small star whose diameter 
CD subtends with the eye the angle CBD 
(greatly exaggerated in the diagram for the pur- 
pose of demonstration), and from which a beam 
or pencil of light represented by the cone CBD reaches the 
eye of the terrestrial observer at B. Now imagine, for the 
sake of demonstration, that it is possible 10 place the eye in 
die interior of a substance of constant temperature, and also' 
that the ej'e is sensible to all the rays which compose 
according to our h)'pothesis, the entire radiation of the 
substance, then it is evident that if the eye look in the 
direction of CAD, the brighlm-ss of the field of view in front 
of the eye or of any given detached portion of this field, 
such as the area CAD, will indicate the internal radiation 
so that, if the eye be now removed to the interior of another 
substance of greater internal radiation, more rays will striki 
it in front from CAD in one second of time, and the field of 
view will therefore appear brighter in the very same proportion 
in which the internal radiation is increased. 

318. Let us now- direct our attention lo a^v f[vOJiW.w. 
eacb as a sphere (Fig. 55), kept at a. unitorm Vc^V'^'''*-^"' 
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ban onciysta. 
or liquid (index of 
tioQ^fi} while the 
half is a vacunm. 
also suppose that t 
teinal boundary e 
vppei half of the 
is covered with lam] 
ai>d let the area S '■ 
phced on the snri 
the soUd or liqaij 
the area CAD is 
small drcte approZ 



' with the lamp-black boundary of the 
Let OS denote bv A th« tadiation of lamp-black, li 
say, let /! represent the number of heat rays whid 
the unit area B through the directions of the cone t 
one s«cond of time. 

214. Pan of these rays re/uking B will be reflected 
let us call this reflected portion oR ; then R—aR, or (t 
will denote the amount of these rays which really ft 
the medium in one second of time. But these rays 
bent by refraction towards the perpendicular, after e 
the medium, and will therefore be comprised in i 
CBiy with a smaller angle than CBD. 

The angle CBEf may ver>- eaaly be found;— for 
sin CBA 
sin CBA'~^' 
or, since these angles are very small, 
CBA_ _ CBD 

CBA':^' °'' 'CBff''"- 
We thus see that of the rays imder consideration aj 
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<iua1 to (r — a) R enkrs the substance, and is after its 
sntrance embraced in a cone of which the angle 

, ai5. But since the substance we are considering, being 

pf constant temperature, gains as much heat as it loses in 

1 of its parts, it follows that as much heal must pass out 

? along lines embraced within the cone CBI/ as passes 

! substance through these same directions. Hence 

lantity of heat which will pass out of the substance 

3 along tines embraced within a cone having the angle 

^Biy will {for one second of time) be (i-a)7f. 

[ 216. Now let if be the unknown interna! radiation for 

e medium ; that is to say, let R" denote the quantity of 

eat rays which will in one second reach B from the interior 

S directions comprised within a cone which has a constant 

mdard angle equal to CBD (Art. 2ii). We must find 

what fraction of this radiation will reach B if the angle be 

I CBiy instead of CBD. It is evident that the amount of 

'beat reaching B through the directions of the cone CBD 

iirill be proportional to the area CAD, and this area will be 

Iproportional to the square of CD, and very nearly to the 

square of the angle CBD. Hence— 

Heit through CBD' : heat through CBD ( = «') : : {CBDy ; (CBD}'. 

Therefore 
Heal from intmor through CBIf~R' x C j -— , bj Art. 114. 

We thus see that a quantity of heat = -- will in one 

second of time reach B from the interior through the cone 
CBjy. But of this heat we know from the laws of optics 

will be reflected back into the 
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Hcerjar. -^-ni"^ h ^^r** i r — ms —7- wdl be dxe iieat wfaki] 

/^* 

f «tf dirocszi. B mrQusrfL the cone CBIX, 

ai7. We have t^^r?^ o&cEiieif cwa expresiHoas, one 
\£asi wnkii gtarers die aibsnnre mrooicb. J^ and d 
rfirmgK cbe cfireccaMa of die coce C^BIf^ nomelv (: 
(An. 2i4>. axki die <}dier for die beat wbkL pas: 

i 

duroo^ ^ diroGgL die same cone, oaiDelT (i— a)- 

we bave seen |iArt. 315) diat dsese two expresaons i 
eqoal uo o-ike anodnsr. 

Hence (i— «V^ = (i— «> j; 

Tbat is to sav. dte zntental radLidon in a substance 
die index of refi:actk>Q is /a will be icR^ R denot 
radiation of lamp-bLLck corresponding^ to the temp 
of the experiment. 

It is also clear from what we have said that this 
will hold for every individail description of heat 01 
the whole radiation is composed. 

EQuxLiBRaif OF Light Rays. 

218. It is of importance to extend these obser\-a 
radiant light, or, in other words, to those rays whicl 
the eye, and this extension has been made both I 
fessor Kirchhoff of Heidelberg and by the author 
work. 

We have already endeavoured to accumulate eWd- 

favour of the opinion that radiant light and heat a 

of the same phjrsical agent, differing frc 

ly in wave lengdi ; but during the prog 

f science many inquirers have been i 
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■ to Blink that light and heat are physically distinct, although 
easing many properties in common, and it has even 

ined that some kinds of light are entirely destitute 
jny healing effect. 

}at if it can be shewn that the consequences of Prevost's 
;xtend to radiant light, we are furnished with very 
rong evidence in favour of that hypothesis which regajds 
tat and light as varieties of the same agent. 
SL9. Prevost's theory consists of the three following 
. Statements. 

I. If an enclosure be kept at a uniform temperature, any 
; substance surrounded by it on all aides will ultimately attain 

■ that temperature. 

a. All bodies are constantly giving out radiant heat, at a. 
rate depending upon their substance and temperature, but 
independent of the substance or temperature of the bodies 
that surround them. 

3. Consequently when a body is kept at uniform tempe- 
lature it receives back just as much heat as it gives out. 

From these statements follow all the laws that have been 
deduced for radiant heat. But in the process of argument 
it is essential to regard the rays under consideration as being 
capable of heating the bodies on which they fall and by 
which they are absorbed. 

Hence, if this theory extend to light, it is highly probable 
that luminiferous rays are capable also of heating more or less 
the bodies by which they are absorbed. 

The following experiments exhibit the extension of the 
theory of exchanges to rays of light. 

220. Iiight equilibrium of uurikceB. It has been 
shewn with respect to Heat (An, 199) that good reflectors 
are bad radiators, and a similar experiment may be made 
for light. Thus if a pot of red-hot lead or tin be carried 
into a dark place and the dross skimmed aside by a. ced-bi;^ 




ftSl. Light equilibrium of thin plates. Experimtnt h 

—If a piece of colourless transparent ( 

rcdncBs in the fire, removed to th< dark, and then t 
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it will be found to give out very little light ; but if the glass 
I be coloured, its light radiation will be more copious, the 
I imount of light given out depending upon the depth rf 
colour. This is an experiment analogous to that with rock 
\ lalt, and it is evident that the colourless glass gives out but 
it because it absorbs but litde, A stratum of heated 
tair may likewise be instanced as a substance which neither 
I absorbs nor emits Ught or heat to a sensible degree, 

12. Experiment II. — It has been shewn that the heat 
f radiated by a thin plate of any substance at a given tem- 
[ perature is precisely that kind of heat which the piate 
when heat of that temperature is allowed to fall 
I upon it. Now the same thing holds with regard to light. 
I With respect to the rays proceeding from an ordinary fire, 
all coloured glasses may be divided into two groups, those 
which redden and those which whiten the fire as we look 
through them. The first group comprises red and orange 
glasses, and these absorb the whiter descriptions of light; 
the second group comprises green and blue glasses, and 
ihese absorb ihe redder kinds of light. We should therefore^ 
expect red and orange glasses to give out, when heated,, 
a peculiarly white light, and green and blue glasses a pe- 
culiajly red light. Now ihis is found to be the case. A 
red glass coloured by gold, when heated to redness, re- 
moved, and viewed in the dark, gives out a milky-white 
or even greenish light, and the orange glasses used by 
hers do the same. On the other hand, green 
I blue glasses give out, when thus heated, a reddish 
d of light. This experiment is analogous to that wherein 
it is shevn that a cold plate of rock salt stops a large 
proportion of the heat from a hot plate of the same sub- 
stance. 

2S3. Experiminl III. — Again, we know (Art. 193) thi*, 
when a ray of ordina^ light falls upon a plate of toi 
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maline cut parallel to the asis, it absorbs nearly all thaf'l 
resolved portion of the rays which is polarized in a plane | 
parallel to the axis of the crystal, while it allows to \ 
a considerable portion of those rays which are polarized ii 
a plane perpendicular to the axis. Now it can be shew 
that if such a plate be heated red hot, the rays of liglll 
which it gives out are partially polarized in the 
rection as those wliich it absorbs, viz. in a plane paral 
to the axis. This experiment may best be tried by i 
method devised by Professor Stokes, in which a hoUof 
cast-iron bomb is heated to redness. This bomb is i 
presented in Figures 58 and 59. In Figure 58 \ 




as it appears from the outside, with small holes by whicll 
we can see into it. Fig. 59 represents a section thro 
the centre of the bomb, shewing the tourmaline 7" attached 
to a stand, C denoting the moveable lid. This tourmalintl 
passes through the very centre of the bomb, and heacO 
in looking through the bomb, by means of the small holei 
the eye encounters the plate of tourmaline. Now let 1 
bomb be heated to redness, having the tourmaline i 
of it, and be then taken out of the fice and placed in 
dark. The Ipurmaline will cooV \^vj &\ovt\ 
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since it is (with the exception of the small hole) entirely 
Siirrounded by a red-hot enclosure, viz. the interior of the 
bomb, which, if the iron be sufficiently thick, will remain 
hot for some time. Now the eye in looking through the 
bomb by means of the small hole will encounter the radiated 
light from the heated tourmaline, and by means of a polari- 
scope it is easy to ascertain in what plane this light is 
poiariaed. It will be found to be polarized in a plane at 
light angles to that in which light is polarized as it passes 
through the same tourmaline when cold and similarly placed. 

224. £xpefimen/ IV.--~We have seen that in an enclosure 
of uniform temperature the flow of radiant heat is the 
same in all directions, both as regards quantity and quality, 
whatever be the substances with which the enclosure is 
filled. Now with regard to light a good coal fire may be 
viewed as an enclosure of approximately uniform tempe- 
rature, and accordingly we ought to find that, whatever 
substances be put into this fire, when these ultimately 
become of the same temperature as the fire, they will not 
alter the nature of the hght which is given out. We may 
prove this by throwing coloured glasses into the fire, and 
when these become sufficiently heated they will be found 
to have lost all their colour. The red glass, for instance, 
which we have thrown in will, as we have already seen, 
give out a greenish light on its own account; hut it will 
pass red light from the coals behind it in such a manner 
that the light which it radiates precisely makes up for that 
which it absorbs ; so that we have virtually a coal radiation 
coming partly from and pardy through the glass. 

236. We cannot conclude this subject without alluding 
to a very interesting experiment first made by Foucault, 
but afterwards revived and extended by Kirchhoff, in which 
the equality between radiation and absorption is extended 
to individual rays of the spectrum. 
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Foucault found that the voltaic arc formed between chsN \ 
coal points often emits the ray D of the solar spectrum on 
its own account, and at the same time absorbs it when 
it comes from another quarter. KirchhofT, again, found that 
coloured flames, in the spectra of which bright sharp lines 
present themselves, weaken rays of the colour of these 
lines when sucb rays pass through the flames. We thus 
see that the same media which in a heated state emit 
rays of a certain refrangibility in great abundance have 
also the power of stopping these rays when they fall upon 
them from another source. 

Concluding Remakes. 

226. We have thus arrived both rtieoretically and ex- 
perimentally at a law which may be enunciated as follows : — ■ 

Bodies when cold absorb Ike same rays which they gh't & 
when hoi. The reader will at once be struck with i 
analogy between sound and light in this respect. A music^ 
string when at rest takes to itself and therefore absorbs tbfc 
very note (given out by another instrument) which it wiH 
itself give out when in a slate of vibration. 

Reasoning from this analogy Professor Stokes had sug* 
gested beforehand the probability of a connection betwe* 
the absorption and radiation of bodies for particular rajij 
of the spectrum, and he also imagined that this suggestird 
would account for the dark lines in the solar spectrui 

The prediction of this philosopher has been abundant^, 
confirmed by the labours of Kirchhoff; but the striking c 
elusions with regard to the constitution of the sun and stall 
which Kirchhoff has experimentally arrived at must be fn 
ferred till another chapter. 

We cannot, however, refrain from remarking that the !■ 

nvloped in this chapter affoids a \aWa.We confirmation li 

>g/ of the truth ot the utv4\iwcirj 'ftiwiT^ cS. 'o^ 
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RADIATION AT DIFFERENT TEMPERATURES, aij" 

The likeness between a vibrating string and a heated particle 
has been remarked above, and we have seen that a particle 
(jusC as a string with regard to sound) absorbs the same kiiuij 
of ray which it gives out. It is, perhaps, allowable to infe*- 
that light, like sound, consists of undulations which are pro* 
pagated in a medium surrounding bodies, and that whea 
heat or light is absorbed by a particle, the motion is con- 
veyed from the medium to the particle, just as when a string 
takes up a note passing through the air, the motion is 
conveyed from the air to the string ; and that, again, when 
heat or light is radiated by a particle it is similar to 
giving out by a string of its note to the air. 



CHAPTER IV. 
Madialwn at Different Tefnperalura. 

227. It has aheady been stated (Art. 204) that the stream, 
of radiant heat continually proceeding through an enclosure 
of which the walls are kept at a constant temperature 
depends only on the temperature of the walls, and not oa 
the nature of the various substances of which they are com- 
posed; the only difference being that for metals this stream 
is composed partly of radiated and partly also of reflected 
heat, while for lamp-black it is composed wholly of radiated 
heat. This may be expressed by saying that this stream 
depends upon or is a function of the temperature, and of it 
alone ; but there is the following very important difference 
between a reflecting and a lamp-black surface, as repre- 
senting this stream of radiant heat. 

It is only when a reflecting surface forms part of a com' 
pUtt tnchmre of the same temperature as itself, t^i'SJ. 
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radiated and reflected heat from this surface together re^J 
present the whole stream of heat ; for if we bring it for a * 
moment into another enclosure of lower temperature, the ■ 
reflected heat is altered, and although the radiation wiU for 
a short time continue nearly constant, yet this radiation will 
not represent the whole stream of heat due to the tempera- 
ture of the surface. 

On the other hand, if a lamp-black surface be placed in 
the above position, since the stream of heat which flows 
from it is entirely independent of the reflection due to 
neighbouring bodies, the heat which it radiates when brought 
for a moment into an enclosure of lower temperature than 
itself will truly represent the stream of radiant heat due to 
the temperature of the lamp-biack. 

228, Suppose now that we have a thermometer with b 
blackened bulb, and that this is placed in a blackened 
enclosure of a lower temperature than itself ; the heat which 
it radiates will represent the total radiation due to the tern- J 
perature of the bulb, while that which it receives will repre«B 
sent the total radiation due: to the temperature of the e^S 
closure, and the difference between these two will denote tt^| 
loss of heat experienced by the thermometer. ^M 

Thus, if e be the temperature of the enclosure, and '+^| 
that of the bulb, then, since the stream of radiant heat (Ai^| 
204) is a function of the temperature only, we shaU hawil 
ihis stream represented by J^(t + e) and F(3) for these twol 
temperatures, and the rate at which the thermometer losc^| 
heat will be denoted by F(l-\-e)-F(B). ■ 

This is the rate at which the instrument loses radia^H 
heat, and it will also represent the rale at which it los^f 
temperature, or the velocity of cooling, as this is iermed,^H 
we suppose that the specific heat (or heal required to pr^H 
dace a change of 1°) of the mercury of the ihermometl^H 
remains the same for all the XempeT3.VMEe:& ol '^ «s\«xa&^^H 
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This, though not precisely, is very nearly the case, and 
lieoce Ihe velocity of cooling of a thermometer placed 
these circumstances may be regarded as representing with 
great accuracy the intensity of radiation. 

After these remarks we will proceed to discuss the ex- 
periments that have been made on velocity of cooling. 

VsLoaTY OF Cooling ; Variation with Temperature 
OF 'Quautity' of Radiation. 

Z20. Newton was the first to enunciate his views on the 
cooling of bodies. He supposed that a heated body 
posed to a certain cooling cause would lose at each instant 
a quandty of heat proportional to the excess of its tempera- 
ture above that of the surrounding air. It was, however, 
soon found that this law was not exactly followed, and 
several philosophers made experiments on the subject with 
more or less success, until the time of MM. Dulong and 
Petit, who made a very complete and successful investigatioi 
of the velocity of cooling of a thermometer both in vacuo 
and in air. 

230. The apparatus used by these experimentei 
aisted of a hollow globe of Lhin copper with the interior 
blackened, which could be immersed in a vessel of water 
other liquid of known temperature. Through an orifice in 
this globe a thermometer could be inserted, so as to have 
bulb in the centre of the globe. The temperature of this 
thermometer was always higher than that of the globe, and 
the number of degrees through which the mercury was 
observed to sink in a minute, supposing its rate of cooling 
to be uniform during that time, was taken to denote the 
velocity of cooling of the thermometer. 

A preliminary set of experiments was fil&\. ■Bs.'iiie, ttcW. 
■A/cA it appeared that the /aw 0/ cooling o\ a 
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independent of the nature of ihe liquid and of the form and 
size of the vessel which contains it. Having delerrained this, 
MM, Dulongand Pefit proceeded to make their final experi- 
ments with a large thermometer containing about 3 lbs. of 
mercuTy inserted in the centre of their globe. The tem- 
perature of the globe was kept as nearly as possible uniform 
during the course of an experiment. In the first instance 
this thermometer preserved its natural vitreous surface, and 
the number of degrees through which its mercurial column 
fell in one minute was considered lo denote the velocity of 
cooling of the thermometer corresponding lo its average 
temperature during that minute. 

The following were the results obtained where the tem- 
grature of the enclosure was that of melting ice. 

Veloclly of 



80 1-74 

We see at once from this table that the law of 
does not hold, for according to it the velocity of cooling for 
an excess of 200° should be precisely double of that for an 
excess of ioa°: now we find that it is more than three 
times as much. 

231. In Dulong and Petit's experiments the excess of 1 
temperature of the thermometer and also the absolute lem- 
perature of the enclosure were made to vary, that is to ' 
saf, both / and 6 varied ; and t^ifj obU\tted the following J 
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5.64 




3.30 


174 


3.16 


3.68 
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'■99 




a-73 
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1.40 






a.i7 



f if we divide the nnmbers of the third column by 

rresponding numbers of the second — for instance, 

12.40 by 10.69 — "^ fio<^ the quotient to be 1.16; and con- 

I tinuing the process for the other numbers in these columns, 

I *efind: — 



3rd column 

.nd column 8>v« »S quolient., 


.16, I 


18, 


1. 16, 


'.15. 


1.16, 1.17, i.ij, 1.18, 1.15. 










In like maimer 










4th column 

3rd column Si^es ^^ q^oi'^^t^. 


.16, r 


.15, 


1. 16, 


1. 16, 


1.17, 1. 16, 1.17, r.15, 1. 16, 


1. 16. 








5th column , 


■15. I 


16, 


1.16, 




4th column K'™^ ^ quotients, 




1.17, 1.16, 1.18, r.i6. 










6lh column . 

ItiT^lumn e>^«« ^« <I"°"^"ts. 


1.15. 


.15, 


1.16, 


1. 17, 


1.16, 1.17, I.T7, T.15. 










These numbers are all nearly the 


same, 


and 


their 


mean 



is 1.165- Hence we see that corresponding numbers in the 
various columns form a geometrical progression, so that if 
we denote a number in the second column \i'j ^SL■ci\Vj 'se 
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shall have i, 1.165, (1.165J', (1.165)', (1.165)*. as repre- 
senting the velocilies of cooling for the same excess of lem- 
perature for Uie cases where the temperature of the enclosure 
is denoted by 0°, ao", 40°, 60°, and 80°. 

We are thus entided to say that /Ae velodiy of cooling of 
a ihermomeltr in vacuo for a comlant excess of itmperaiure 
increases in a geometrical progression when ike Itmperaiure of 
the surrounding medium increases in an arithmelical progression, 
and the ratio of this progression is the same whatever be Ifte 
excess of temperature. 

232, MM. Dulong and PetiE soon saw that this remark 
would enable them to find the law of cooling. 

In the first place, it ought to he observed that the results 

already given are in accordance with the theory of exchanges, 

and that they form an additional proof of the truth of that 

theory. The theory of exchanges asserts that the loss of 

I heat experienced by a thermometer cooling in vacuo is 

represented by the difference between the radiation due 

the temperature of the thermometer and that due to the tem- 

I perature of the enclosure. Hence, according to this theory, 

L if j4, B, C denote the absolute radiation at the femperature* 

I a, 6, e, of which a is the highest and c the lowest, then 

^^_ A—B will represent the rate of cooling of a ther- 

^^^ momcter of temperature a in an enclosure of 

^^H temperature b ; 

^^H B— C will represent the rate of cooling of a theN 

^^H mometer of temperature b in an enclosure 1 

^^^P temperature c: 

^^ ^ - C, or {A -B\ + (B- C). that is to say, the » 

I of the two preceding raits will represent the ra^ ■ 

I cooling of a Ihermomeltr of Itpiperalure (a) in i 

[ em-Iosure of lemptralurt (^ if Prevosl's Ihtery 

^^ trut. Testing th\5 by Ave v*i\e q^ t*.. »v»' 
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find that if « = 1 40° and b = So" (/ =■ 60°, 8 = 80''), 
1 the velocity of cooling, or A — B, is 2.17. 

Again, if 

b = 80° and f = 20° (/= 60", 6 = 20"), 

the velocity of cooling, or B—C, is found to be 

1.40. Hence the sum of these two rales will be 

2.17 + 1.40 = 3.57. 

mce more: \{ a= 140° and c = 20" (/= 120", fl = 30°), we 
from the same table that the velocity of cooling, or 
C, is 3.56. Now this is as nearly as possible equal to 
sum of the two preceding rates, which was 3.57 ; so that 
evidence derived from these experiments is decidedly in 
ur of the theory of exchanges. 

ssuming' therefore the truth of this theory, MM. Dulong 
Petit supposed that the velocity of cooling of a ther- 
aeter in vacuo may be represented by tlie function 
-\~6)~F($), where the first term represents the absolute 
ition of the thennometer whose temperature is f+6, and 
second term the counter-radiation of the enclosure whose 
jerature is A 

13. Now we have seen (Art. 231} that for an excess of 
)eralure of aoo° of the thermometer above that of the 
XMie the velocity of cooling may be denoted thus — 

t of eddosare =o''C. ao° 40° 6' 

cooHngCt=ioo'')-7.40 74o{i.i6s) 7.40(1,165)' . . . 

— =7.40 7.40(1.0077)* 7.4o(i.oo77)« 7.40(1.0077)6. 

like manner if /, or excess of temperature, = 180°, we 
have — 

■e of encloFure =o°C. 20° 40° *° 

cooline((-i8o°) = 6.io 6.io(i.oo77)» 6.10(1.0077)'" 6.io(i.oo;7)«. 

thus appears that for an excess = 200° we have 7.40 
constant multiplier of the various terras, while for an 
iE = 180° this multiplier becomes 6,10. TtvK -nwLWii^Ve^ 
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varies therefore with the excess of temperature or /, but i 
with the absolute temperature of the enclosure, or B, if oi 
the excess remains constant; it is therefore a function o 
and we may represent it by ^ (/), according to the us 
notation. Hence we see that the velocity of cooling for j 
values of / and 6 may be represented by 

<^(/)x (1.0077)^. 

But the velocity of cooling (Art. 232) is also represen 

by F{/-^e)--F{6). 

Hence these two expressions must be equal to each other 

/'(/+^)-/'W = <^ (/) X (i.oo77)<?. 

Dividing by (1.0077)^ we have 

F(/-\^B)^F(e) 

(i.oo77)<> -9i^;> 

and expanding in terms of / we find 



(,i.oo77)(f 



=:i4+5/+C/* + &C 



dF{$) t dPF(9) P 

'' -arjjl^^rne^ de'^ 1.2(1.0077)^ ^^^•^^^^^•^^^^^^' 

Now since this equation must hold good for all values 
we may equate corresponding coefficients ; and hence 

— ^^— 7 -7^ = -5 = a constant quantity, 

ad (1.0077)^ 

or -^.= ^(1.0077)^. 

« 

Hence integrating 

F^e)^mii.oo>jl)0^k. if i5^^ = «; 

nd >^ is a constant quantity at present undetermined ; 
ice also F{t-\- 6)=m (1.0077/+^+ >^. 
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The vdocity of cooling' of the thermomeler in vacuo \ 
therefore be represented by 

where 1+6 is the temperature of the thermometer, and S that 
of the enclosure in Centigrade degrees. 

The value of m in the present case is 2.037, ^^ may be 
easily found from the table of results. 

When the bulb of the thermometer was covered with 
Ulver it was found that the velocity of cooling might be 
expressed by the same formula, only with a charge in th 
Value of M. Here it was necessary to suppose m- 0-357. 

234. We are thus led to suppose that the expression 
«{i.oo77)*+i, in which m varies from one substance to 
another, will represent the absolute radiation corresponding 
lo the temperature S; but this expression must nevertheless 
be considered as an empirical formula satisfying observation, 
but which we are unable to deduce as a consequence from 
any known properties of matter. In truth our knowledge 
of the forces concerned in radiation is very small. 

MM. Prevostaye and Desains have since made experi- 
ments on the cooling of bodies, which tend to confirm the 
accuracy of the results obtained by Dulong and Petit, 

235, Absolute metksure of radiation. While the ex- 
periments of Dulong and Petit were admirably adapted to 
give the law of cooling, they are not so well fitted to 
determine in absolute measure the radiation from a heated 
body. This has since been done apprOKimately by Mr, Wm, 
Hopkins, Mr. Hopkins repre&ents by unity the quantity of 
heat required to raise 1000 grains of water one degree 
Centigrade, and in terms of this unit he measures /?, c 
amount of radiant heat, which would emanate in one minute 
from a square foot of a given surface. He ihxis obm'ws.d % 
ibe radiation in vacuo for 
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Glass, R- 9.566 <^ W- i). 

Dry Chalk j? - 8.613 a» (a-- 1), 

Dry New Red Sandstone, Ji = 8,377 ^ K— !)■ 

Sandstone {Building Stone), R= 8,88a a» (a'- i)i 

Polished Limestone li = 9.106 a" (a'— i). 

UnpolishedLimestone (same block), ,ff = 12.808 a* (a*— 1)< 
Where a retains the value, viz, 1.0077 g'^en in Dulong and 
Petit's experiments, and 6 denotes the temperature of the 
enclosure, while / denotes the excess of temperature of the 
hot surface. 

Variation with Temperature of Quality of Heat. 

236. Having now considered the law of cooling as repre- 
senting with much accuracy the quantity of heat given onl 
by a black substance at different temperatures, we come neil 
to the relation between the temperature and the quality 01 
nature of the heat given out. And here we may remark 
that the laws which connect the radiation of a black bodj 
with its temperature, both as regards l!ic quantity and ibe 
quality of the heat given out, hold approximately for bodies 
of indefinite thickness which are not black, — thus, for in- 
stance, they would hold for a metallic surface, which woi^ 
represent very nearly a lamp-black surface, with the radialioil 
diminished a certain number of limes. 

These laws would not, however, hold exactly for a wWU 
surface, such as chalk ; for this, substance behaves like lamp' 
black with respect to rays of low temperature, while it h 
white for rays of high temperature, and the consequence Bi 
this will be that its radiation will increase less rapidly thai 
thai oi a lamp-black surface. In like manner, these lawi 
I will not hold exactly for co\ouTe4 suifetes. fl 

^ JVow with regard to a km^-UTuaV ?.otUm:, Vcid^^H 
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Mve seen, is the proper representative of heated surfaces, 

have reason to believe that the following; laws hold. 

I. 7Xe spedrum 0/ the radiant heal and light given ml &)/ 

lamp-Slack surface is continuous, embracing rays of all 

^Tangibilities between certain limits on either side. Thus 

ipectrum of an ordinary fire is continuous ; and in like 

that of the electric light, or of carbon at a very high 

temperature, is also continuous. 

We have reason lo think thai as the temperature rises, the 
^clrum of a black substance is extended in the direction of 
stalest refrangibilily, so as to embrace more and more of the 
violet and photographic rays. 

This extension of the spectrum is also very perceptible 
to the eye, for a body at first emits only dark rays or rays 
of low refrangibilily, then as its temperature increases it 
becomes red, and afterwards becomes yellow, and finally it 
becomes white. 

There is thus a very apparent change with increasing 
leniperature in the refrangibilily of the radiation; and this is 
produced in the first place, as we have seen, by the addidon 
of rays of a high refrangibilily, -which are, at least as far as 
we can judge, absent from (he radiation of lower tempera- 
besides this, we are induced to believe that each 
individual ray of the low temperature is increased for the 
high temperature, only a ray of high refrangibility is in- 
creased in a greater proportion than one of low refrangi- 
bility, so that probably the average refrangibility is augmented 
at the same time that the total amount of radiadon of any 
given refrangibility is also increased. Thus, (he radiation 
from a piece of coal just below redness consists entirely of 
I dark rays, while that from the sun embraces a large propor- 
! tion of luminous and chemical rays, and is probably of a 
L much higher average refrangibility than the ra.(Ka.ivott fram. 
]. &e coal; bat the dark rays common to \>di\\ \)ofiie^ \feiM\aR;, 
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occur in greater amount in the solar radiation, where they 
form, in fact, a spectrum of great heating power towards tho < 
left of the red. 

237. It thus appears that the rays proceeding from a: 
heated body do not sensibly affect the human eye until the' 
body has attained the temperature of redness, after whidJ ' 
the body rapidly increases in luminosity. Thus, for a range" 
of at least 500° Fahr, atiove the temperature of the eye 
the rays of heat emitted by a body are invisible. The cause 
of this invisibility is rather a physiological than a physicil 
question ; nevertheless, the suitableness of this arrangement 
is at once apparent, for if any other law were to hold — 
if, for instance, the eye were affected by each substance in 
proportion to the difference between its radiation and that 
due 10 the temperature of the human body — it is difficult to 
conceive how we could either enjoy the advantages of dark- 
ness, or experience that variety of shade and colour which is 
one of the cTiief pleasures of vision. It is also worthy of 
remark that by the present arrangement our safety is secured,' 
for the eye is generally able to detect the presence of com- 
bustion when it occurs. 
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238. Having discussed the radiation from healed surfaces, 
we proceed to consider that from thin plates and particles.' 
Take, for instance, a glass plate at a low temperature : this 
will stop nearly all the rays corresponding to this lerapera- 
ture, and therefore it will behave very much like a lamp- 
black surface. But at a high temperature {above redness, 
for instance) it will pass a great many of the rays of this 
lemperalure ; and hence, its proportional absorption being 
Jess, its proponional radiation comva.ved to lamp-black will 
a&o be less. The FcidiatioTi ol aacV a. ?"*"-«■ •«&■(«.■<. ■&*«'«»« 



jbocrease with the temperature as fast as Ihat from a kmp- 
iilack surface. Many other bodies beside glass possess 
■the property of being more opaque to heat of low than to 
'that of high temperature, and for all these the radiation will 
^_Jncrease with ihe temperature so fast as that from a. 
If surface. 
I thinnest plates of solid or liquid substances which 
L obtain will not, however, afford us the means of 
g the radiation from a particle; in order to do this 
XiDTSe must probably be had to a gas, each of whose 
e may perhaps suppose to act for itself, and not to 
|be fettered by the neighbouring particles in the way in which 
|lt would be in the solid or liquid state. 

|; 239. In studying the radiation of gases we are led to 
|Bome very peculiar laws. 

J 1. In the first place, we may say that ihe genera! ah- 
\*orption and radialion of gases are often small, while ott 
\'Ue other hand tin selective absorption and radiation of many 
\«f them are very strong. The feeble radiation from heated 
I air was observed by Melloni, and the feeble absorptive 
; power of it, as of many other gases, for light is familiar to 
I every one. Nevertheless, by aid of electricity we are en-, 
abled to heat a portion of any gas or vapour to a very high 
temperature, so as to obtain a visible spectrum from it,' 
^vhich we may then analyse by means of the spectroscope. 
Such spectra when obtained are generally discontinuous; 
; that is to say, they consist of a very intense radiation of 
certain disconnected spectral rays, while the intervening 
spaces are totally, or nearly totally, dark. 

2. In the next place, as far as we know at present, the 
1 bright lines given out by any one gas have not been found to 
. toincide in spectral position with those given out by any other 
.gas. One or two coincidences of this kind have been 
'. suspected, but these have not been confirmed by the. Te:«iS& 
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of a more searching analysis. Elaborate researches on 
specua of gases have been made by vaiious exp^imenUo 

3. In the third place, /Ae tptctra ^ gata ^ti6aify ren 
of the lairu characler, witk certai* Kmitationt to he afkrOM 
vientiotud, ikroughotU a Vtry wide rattge of lemperaivre. 11 
we know that the vapour of incandescent sodium wiD g 
OBt the donble line D in the yellow, and it will cxtntintM 
radiate this kind of heat tip to the highest temperatnn' 
can produce. The same law holds for other gases I 
vapours, only we must make the following exception. ' 
for instance, one of the bright lines given oat bj a hefl 
vapour be in the blue of the spectnun, and if this vapi 
be capable of existing at a red heat, we must not exf 
that it will give out the bine line at this heat, nor until I 
temperature rises to such a degree that blue becu 
one of the constituent rays of that temperature. Wl 
this is reached the blue line will be given out, and vl 
once given out it will probably continue for all bigbei le 
peratures. 

4. Fourthly. An exctption to this last law lakes pliut m 
the incandescent vapour, front nearness of particles, is a|i4 
itate of complex molecular aggregation. 

Dr. Frankland has shewn that under sufficient 
the gas hydrogen may be made to give out a s] 
approximately continuous, 

Mr. Locltyer again has been led by hia solar 
to the conclusion that gases or vapours which give 
channelled spectra are in a state of comparative molt 
complexity, while those that give out line spectra arel 
a state of molecular simplicity. The incandescent vapoon 
of the sun give out line spectra, because being at a very high 
temperature and having no great nearness of particles, ihej 
^^^may be supposed to have reached an extreme stateOl 
^^^H leculai simplicity. ■ 

^' • ^ 



, Fifthly, WAen a raiialing particle is approaching thi. 

a rapid rate, the wave-Ungihs of the lines thai 

are diminished, and when it is rapidly receding 

the observer, the wave-lengths of these lines are in- 

\ principle was first enunciated by Fizeau. It was 

. by Dr. Huggins as a method of ascertaining the 

>er motions of the fixed stars in a direction to or from 

ith, and by Mr. Lockyer and others in ascertaining the 

i^ty of the meteorological motions in the atmosphere of 

t is susceptible of easy illustration if we refer to sound. 

I us, for instance, suppose that we have a locomotive at 

t and whistling with a note which corresponds to iioa 

I given to the air each second of time. Now since 

Bd travels, let us say, at the rate of i too feet per second, 

i various blows will follow each other one foot apart, 

previous one having advanced through one foot at that 

when the next is given out, in other words, the 1 
e-length of the note is one foot. If however the loco- \ 
ot at rest but moving in the direction of the I 
Bid at the rate, let us say, of loo feet per second, it is | 
. that during the interval between two blows the I 
itive itself, which is the source of the blows, will have j 
iced one-eleventh of a foot. Hence the blows will | 
ii be only ten elevenths of a foot apart, or the wave-length 
I have been diminished. In like manner had the engine 
1 moving in an opposite direction, it might be shovm 
% the wave-length would have been increased. 
asmuch, however, as the velocity of light is very great 
jared to that of moving bodies, the amount of change 
Pduced by proper motion in the wave-length of the raya 
emitted, is in all cases comparatively small. 

S40. These laws of gaseous radiation have la.ie\^ btnowa^ 
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of great practical importance. Let us recapiliilate the most 
important of dietn. 

In the first place, die spectrmn of an ^;mted gas consists 
of a few bright lines of definite refrangibilitjr. 

Secondly, these lines are proboblj not the same for anf 
two substances^ 

Thirdly, the lines pecul^ to any substance remain tlie 
same throughout a great range of temperature. 

If to these three laws we add the following chemieal pnCi 
namely, that at a very high temperature most substances 
are decomposed, we shall soon readily perceive the great 
practical importance of this combination of facts. 

For if we already know the spectra of the various chemical 
elements, and if we heat a specimen of any substance pre* 
Sented to us for analjrsis snfficiendy to resolve it into its 
elements and to drive these into the state of vapour, tbeii 
win the position of the bright lines of the spectrum of th& 
flame obtained enable us to ascertain what elements were 
present in the substance, since each element will furnish its 
own peculiar lines, which are supposed to be known and 
recognizable. It was first remarked by Professor Swan 
that by means of the well-known and peculiar double line 
D the presence of a salt of sodium may be detected in 
a most delicate manner; and Bunsen and Kirchhofif, who 
have done much more than any one else to introduce and 
perfect this method of analysis, remark that by means of 
the spectroscope the presence of less than gpo.ooo.ooo ^^ * 
grain of sodium may probably be detected. Bunsen has 
also by this means discovered two new metals, namely ccestum 
and rubidium. Our countryman Crookes has discovered 
thallium, and Messrs. Reich and Richter indium^ by the same 
means. 

241. Before concluding this chapter we ought to allude 
beautiful discovery of Kirchhoff, by which it has been 
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proved that substances with which we are here familiar exist 
the atmospheres of the sun and stars. It had beeii 
fed, first by Wollaston and after him by Fraunhofer, 
Lt the solar spectrum contains a number of dark lines, 
ile it is in other respects a continuous spectrum, and the 
latter observer extended his remarks to the spectra of man^ 
of the fixed stars. The origin of these lines for a long time 
remained a mystery, nor was this mystery diminished when 
it was found by Fraunhofer that a bright band corresponding 
in refrangibility to the double dark line D of the solar 
Bpectrum was produced by the light of a flame containing 
sodium. Sir D, Brewster was the first who prepared the way 
for the solution of this problem, by shewing that analc^ous 
{not (identical) lines might be artificially produced by inter- 
posing a jar of nitrous acid gas in the path of a ray of light. 
The inference naturally drawn from this experiment was, that 
the lines of the solar spectrum do not denote rays originally 
wanting in the light of the sun, but are due to the absorption 
of hts light by some substance interposed between the source 
of fight and the spectator. It was doubtful, however, 
whether this stoppage of light occurred in the atmosphere 
of the sun or in that of our earth, until the matter was finaUy 
settled by Kirchhoff, not however before the true explanation 
had been divined by Professor Stokes. 

Kirchhoff found that a sodium flame which gives out oa 
its own account the double line D absorbs a ray of the same 
refrangibility when it is given out by a body of a higher 
temperature than the sodium flame, thus producing a dark 
line D instead of a bright one, and he therefore conjectured 
that the dark line D in the light of our luminary waS 
occasioned by the presence of the vapour of sodium in the 
solar atmosphere, at a lower temperature than the source 
of fight. This belief was strengthened by his finding that 
many of the dark solar Imea correspond in 'p05\UouNJ\&i'^ 
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imilar process Messrs H^gns snd Milter have, ' 
f believe, detecied the presence of sodium, magnesuni. ' 
Iqtlrogeii, calcium, iron, bismuth, telhiriinn, antiicoDy, and 
mactuy in Aldebaran, and other elements in other stars. 

More lately Mr. Huggim, in directing his spectroscope to 

certain nebuls, was surprised to find that their light resolved J 

itftelf into bright lines with a dark background. The position 1 

of theiic lines appeared to indicate the existence in these J 

CUriouH bodies of incandescent hydrogen gas. ■ 

Still more recently Professor Donati in Italy, and Md 

Ifiuggina in this country, have made observations whiofl 

^Huld npjiear to indicate that the physical constitutioD tU 

^^Kpi it) analogous to that of the nebulae above mentioM^I 
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and the latter observer finds that the light from the nucleus 
of a comet consists of bright lines, appearing thus to indi* 
cate ignited gas; while, on the other band, the coma has 
apparently a continuous spectrum. 

Lastly, M. Janssen the French observer, and Mr. J. Norniaa 
Lockyer in this country, have found that the red flames 
which are seen by the eye to surround the sun when he is 
totally eclipsed can be detected by taeans of the spectroscope 
on ordinary occasions. Mr. Lockyer finds by this meana 
that an atmosphere consisting of hydrogen surrounds our 
luminary for about 5000 or 6000 miles above his apparent 
surface into which there are occasional injections of the 
vapours of sodium, magnesium, and iron. 

One of these hydrogen lines in the sun's atmosphere was 
noticed by this last-named observer to present the appear- 
ance of an arrow head with its thickest part resting on the 
sun. This is a bright line corresponding in position to the 
dark line /", and Dr. Frankland and Mr. Lockyer have found 
by laboratory experiments that the thickness of this line of 
hydrogen depends upon (he pressure under which the gas 
exists, so that it is not improbable the spectroscope may 
ultimately give us the means of measuring the pressure and 
[he temperature of the various strata of the atmosphere of 
our luminarj'.' 

' The following ritrict from an address ddiveied by ihc author of Ihij 
volume before the Mathematical and Fhpical section of the Biitish Astaci»- 
lion at the Bristol Meeting in 1875 will bring before the reader the latert 
dcTelopraent of this interesting subject. 

Tved by KirchhofT !hi 





It would thus appear that through the laws of radiatit 
we are likely to attain much inrormation regarding tl 
structure of the universe, both as regards the constituticHt 
and materials of celestial &yatems, and perhaps also as 

^^■4U2. It has already been stated {Art. 183) that tb« 
^^HnetTum of a. radiant body may be divided into three spectra^ 
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Radiant Heat. — Further Remarks on Absorptm 
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these long lines were the very Imei whidt^ 
were rerersed in the atmosphere of the sun, Heuce when we observe • 
■ingle cdincidence between a dark lalar line and the bright line of any mttllh 
we are further led to inquire whether this bright line ii one of the long 1* ~~ 
which will continue to exist all the way between two leiminili of that m 

■ If Ihij be the case, then we may argue with much probabQity that _ ^^ 
metal in question rally occurs in the solar atmosphere : but if, on Ibe otW 
hind, the coincidence is merely between a solar dark line and a short brl^ 
OIK. then we are led lo imagine that it it t;ol a true coincidence, but tanwt 
thing whidi will probably diuppeir on further examination. This melhojb 
bu already afforded us a means of determining the relative amount of th^ 
various metallic vapours in the sun's atmosphere. Thus in some irutuiGM 
■II lines are reversed, whereas in others the tevetsil extends only tc 
the longer lines. 

■Several new metali have thus been added to the list of ihme 'gtvtWfAf, 
detecled in the solar atmosphere I and it is now certain that the vapour) 0^ 
hydrogen, potassium, sodium, mbiJiom, 
neaam. tlammium. iron, minganeie, c 
coppet. cadmium, zinc, n 
<t lumintrj.' 



according; to the three effects which the rays produce. The 
first of these is the heating, the second the luminous, and the 
third the chemical, spectrum. 

The absorptive behaviour of substances with regard to ■ 
the different rays of the spectrum is exceedingly varied in 
character, and forms at the same time a subject well 
worthy of our study both from its theoretical and pracdcal 
importance. 

With regard to light, we know that the absorption of a 
substance for certain rays produces the colour of the sub- 
stance, and sometimes enables us to determine its com- 
position by means of its peculiarity of colour ; but if we were 
able to study the behaviour of a substance not only with 
respect to light but also with respect to dark heat and 
chemical action, it is quite clear that we should both extend 
our knowledge of the relation which substances bear to 
various kinds of rays, and also add largely to our means of 
discriminating between different substances. 

We shall now shortly study the behaviour of bodies with 
respect to dark heat and to light, reserving for another 
chapter their behaviour with regard to chemical rays. 

Absorption of Dark Heat by Different Bodies. 

S43. Delaroche was the first to shew that bodies exercised 
a eelecdv^ absorption for dark rays, or sifted a stream of 
dark heat passing through them ; and from this he argued 
that such heat consists of different kinds of rays mingled 
together, just as while light consists of a mixture of dif- 
ferently coloured rays ; and these conclusions of Delaroche 
have been abtmdantly confirmed by the experiments of 
Melloni. The method of analysis adopted by Melloni will 
be seen from the following table, although the heat is not 
Strictly dark, being the raya firorn a Loca,\,e\Y\ Vmk^. 



ABSORPTION OF 



Traumisston of loo incident rays. 



Nuncs of mbriinca inta^ 
poied \ thicknetf, unleii 
nicntioiKd, a.6 millimttrei. 



111 I 



•il? 



Rockult 

Fluoripit 

IccIiihI ip*T 

Glut, thickneu 0.5 mm. . . 
„ 8 mm. .. 

Rock crydal 

Add chromxle of poluh . . 

Sulphite ofbuyta 

White agate 

Feldspar 

ydlow jmbfT 

Opaque black mica, thick- 

veuXaga""''.. ;!!!;;;: 

Aiguc marine 

Borate of soda 

tnurmaline 

'01 gu™ 

teoflime 

acid '.' 

Tiiliatc of potub and soda 

Glau, white 

,. viol.t 

„ red.. ..■ 

■• """E" 

„ apple green .... .... 

"„ blue .'. 

„ opaque black 




refer to alum in the first column of this table 
that only 9 per cent, of the heat from the naked 
passes through a screen of this material, while 90 per 
cent, of heat which has already passed through one screen 
of alum is capable of passing through a second. So ir 
manner, choosing sulphate of Ume from the first column, we 
find that it only passes 14 per cent, of naked heat, but 
g4 per cent, of heat which has already passed through tlie 
same material. The same thing may be remarked for 
chromate of potash, green glass, and black glass, so that 
all of these substances are capable of sifting heat in such 
a manner that a second plate will pass a greater proportion 
of the heat which has already passed through one plate 
of the same material than it will of naked heat. 

We see occasionally, too, evidences of aihermanous com- 
binations in the above table, just as red and green glass 
together produce an opaque combination. Thus rays which 
have passed through alum will scarcely pass at all through 
black mica or black glass, through green tourmaline 1 
green glass. It appeals that in particular black glass and 
alum are antagonistic combinations, and the reason is 
posed to be that alum is exceedingly opaque for all rays 
below the red and transparent to those above it, while black 
glass, on the other hand, is comparatively diaihermanous for 
rays up to red, but opaque for those above it. 

Thus we know in a general way that there are different 
varieties of dark heat, but how these are distributed i 
spectrum, or what are the positions of the absorption bands 
produced by a screen which exhibits a selective absorption 
for dark heat, we do not know, By no device have we. 
as yet been able to render visible in an unexceptionable 
manner this region of the spectrum. 

245. Afore lately Professor Tyndall ha.s made. ?iOTft.tN*a^ 
interesting experiments on the absorption, ol "tio&saiNw 
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especially of gases for dark Ijeal. These were made l 
means of a wry delicate thermo-electric apparatus, ! 
from them we learn that the absorptive power of the ihre 
permaneni simple gases for dark heat is exceedingly smalt 
He has also shewn that where aqueous vapour is present jl 
the atmosphere on a day of average humidity its absorptiai 
is upwards of sixty times that of the air itself. We der 
the following table from Professor Tyndall's memoir on t 
subject. 
. Ctmiparaiivt ahsorplion of various gases, each of Ike 

I 



Comparative aisorplioi 
pressu 

Air 

Oiygen 

Nitiogeu 

Hydrogen ., . - 






Nitrous oxMi lS6o 

Sulphide arhydrojcD ,. Jloo 

Ammonia 7160 

OleSmilpi jgjo 

Sulphuruus acid SBoo 



216. The results of this table are very remarkable, : 
Professor Tyndall deduces from it the fact that for the hei 
expe|imented on, the absorption of the simple gases is rone 
less than that of the compound ones. It would also appei 
that the same chemical change which renders chlorine s 
bromine more transparent to light renders tliem more opaqi 
to obscure heat. Professor Tyndall has likewise shewn li 
the absorptive power of scents for dark heat is very s 
as also that of ozone. Wiih regard to the action of vapt 
he found thai of bisulphide of carbon to be very small ; 
he also found that a solution of iodine in liquid bisiilptu 
of carbon formed a medium which might be rendered [ 
fectly opaque for light while it was very transparent for d 
heat. Enclosing this substance in rock salt, so as to form a 
lens, he was enabled by this means to cut off all the luminous 
rays from the electric light, ^N^^Ue he condensed ihe dark n 
so powerfully as to produce \gn.\l.\OTv Vti fct loi:.\is. tA "wa ft 
lena. 
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Absorption of Light by Different Bodies. 

347. It is a well-known fact Uiat a coloured body, such as 
ed glass, absorbs one kind of light more than another; but 

P;n when bodies are apparently of the same colour their 
*er of absorbing certain rays of light may he very dif- 
erenL In order, therefore, to analyse completely the relation 
i a substance to light, a pure spectrum must be formed 
sj means of a narrow luminous slit lighted up by the sun 
IT by the electric light, and the substance to be examined 
Bust be held in front of the slit ; — in this way certain r^ys 
»nli either be entirely wanting in the spectrum or at least be 
ijartially stopped, being absorbed by the substance in front 
aflhe slit. 

The following example will serve to shew that bodies very 
dmitar in colour have nevertheless a very different selective 
Uisorptioo for certain rays of light. Port wine and blood 
lie two fluids somewhat similar in colour, but the former 
■erely causes a general absorption of the more refrangible 
hys of the spectrum, while the latter produces two dark 
lands in the yellow and green. These bands were first ob- 
served by Hoppc. Professor Stokes has chosen this very 
Oample in order to shew the value of selective absorption 
or light as a discriminating test of the presence of certain 
nibstances. He remarks that the colouring matter of blood 
Eontaina a large quantity of iron, and that it might therefore 
)e supposed that the colour is due lo some salt of iron, more 
sspecially as some salts of the peroxide of iron have a blood- 
^ed colour. But there is found to exist a strong general 
■esemblance, or famil)' likeness, between sails of the same 
netallic oxide as regards the character of their absorption, 
■low none of the salts of iron give absorptive lines at all 
amilar to those of blood, and Professor Stokes remarks 
hat the assemblage of the facts with which we are a.tc^\tt>R.i. 
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seems to shew that the colouring matter of blood is some 
complex compound of the five elements, oxygen, hydrogcni 
carbon, nitrogen, and iron. This example is sufficient tt 
shew the great importance of absorption as an auxiliary il 
chemical analysis. But in examining the selective absoip 
tion of bodies it is not necessar}' to have a solution. Thn^ 
for example, if a spectrum be thrown upon a screen of papa 
painted with blood, the same dark bands are seen in tbi 
yellow and green as when the light is transmitted through \ 
solution of blood. We thus see that the colour of a papej 
screen so painted is really caused by absorption, even al 
though the paper is viewed by reflected light, and that it i| 
not in reflection that the preferential selection for certail 
rays is generally made. The light, in fact, which is irreg* 
larly reflected from such a surface of paper has first ofaDttI 
pass through a film of blood, and it is in this passage tW 
the selective absorption is accomplished which produces thi 
red colour. 

248. Metallic reflection. There are, however, some 
very curious exceptions to this rule. Gold, for instance, ifr 
fleets yellow light most abundantly, while a very thin leaf fli 
gold transmits blue and green but absorbs yellow. Haidingc 
was the first to notice this fact in a general way, which h( 
expressed by saying that the reflected and transmitted ligh 
from gold are complementary to each other. Professor Stoke 
was, however, the first to examine the subject in a complet 
manner. The substance he used was permanganate fl 
potash. Crystals of this substance have a metallic appeal 
ance and reflect a greenish light. When this green reflecte 
light is analysed by the prism, bright bands are observec 
denoting a maximum of reflecting power ; and these brig! 
bands correspond in position to dark bands in the ligl 
transmitted by a solution of the same crystal. 

This is an exceedingly remarkable phaenomenon, and it i 
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ihe more interesting as il appears to be entirely confined to 
metallic and quasi-metallic bodies *. 

There are yet other peculiarities exhibited by bodies in 
their action upon different rays, but these must be reserved 
until next chapter. 

Certain Practical Consequences, 

240. Suppose we have a lar^ heated globe, as in Fig. 
6 1 : and in the first place, let us suppose there is no en- 
velope round it, bm that it is 
free to radiate its heat into 
space without receiving back 
any in return. Let its velo- 
city of radiation be denoted 
byi?. Suppose now that this 
sphere is closely surrounded 
by a very thin envelope, 
opaque as regards the heat 
from the sphere ; and let us 
imagine that there is no heat 
conveyed from the sphere to 
the envelope either by con- 
vection or conduction, or in any other way than by radiation. 
Now let /?' denote the radiation of this envelope outwards 
into space, then J?" will also approximately denote the radia- 
tion of the envelope inwards towards the sphere, since, as 
the envelope is very tliin, both its surfaces may be imagined 
lo be of the same temperature. 
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Hence the radiant heat -ahich leaves ibe envelope wilfl 
2i?', while ihat which reaches it from ibe globe will be S'A 

But if the globe be very large, and cool very slowly, the 
envelope ivill, it is clear, settle down into a state of equili- 
brium of temperature, and therefore its absorption will t 
equal to its radiation ; that is to say, 



2ji'. 



R' = 



We see, therefore, that by an arrangement of this naf 
the uncompensated radiation of the globe is diminished ] 
one half, and by additional envelopes it wouki be still t 
diminished. The envelope has thus served to retain £ 
heat of the globe by diminishing its uncompensated radiat 
into free space. 

If we imagine the globe to be a body of comparativ* 
low temperature, an envelope of a substance like glass t 
be sufficiently opaque for such heat to answer the purp 
above indicated. 

Let it be further supposed that the direct rays of ihe W 
are the source of heat which keeps up the temperature t 
the globe. These rays, proceeding from a source of veiy 
high temperature, will pass through the glass envelope with 
great facility, so that while this envelope will diminish the 
radiation from the sphere it will yet allow most of the rays 
from the source of heat to reach the sphere. Now imagine 
the sphere to be the bulb of a thermometer, and surround 
ihis with a thin glass envelope with a vacuum between, aid^ 
it will be easily seen that by this means, even without the flfl 
of a burning lens, the bulb may be heated by the rays of lufl 
sun lo a considerable extent. ■ 

If we now suppose the source of heat, that is to say dfl 

sun, to be withdrawn, it is evident that the globe will cc^B 

kmore sio\v\y with the envelope ihan without ii, so Ihat id 

W^ imagine [he effect of sucV a.tv e'RStt\o^\n\KiA.'iifcWB 
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St place to increase the temperature of the globe while (he 
1 is present, and in the next to diminish the velocity of 
g when he is absent. But this twofold action of such 
velope in such a case will depend, it is evident, upon its 
• more opaque to heat of low than to heat of high tem- 
Glass is one substance of this kind, but it has 
y been mentioned that this property is very common, 
hch so indeed that very few substances are transparent 
of low temperature. 

. It has long been imagined that the earth's atmo- 

1 is a body of this kind, and that while it stops a 

ratively small portion of the sun's rays in their pro- 

Kto the earth, it stops a very large portion of those 

I are given out from the surface of the earth. 

is is a property of our atmosphere has been 
rery probable by the experiments of Professor 
1 upon the absorptive power of aqueous vapour for 
f low temperature, which he finds to be very great; — 
f probably than we can suppose it to be for heat of 
mperature, such as the sun's rays. 
1 the known presence of aqueous vapour in our 
kthere we may therefore infer that we are surrounded 
I envelope which passes with comparative freedom the 
If the sun, while it absorbs mOst of the dark heat from 
irface of the earth. Whatever we may suppose to be 
lole eiFect both as regards radiation and connection of 
Tan atmosphere during the day, there can be little doubt 
! that during the night the absorptive nature of the atmosphere 
'for dark heat diminishes the rate of cooling of the earth and 
thus perhaps serves to render it a fit habitation for living 
beings. 

2S1. Bapid refrigeration in central Asia and in the 
African desert. Professor Tyndall has remarked the effect 
which an absence of aqueous vapour exerts upon the cliuMJjt 
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of certain portions of central Asia, and on that of the great 
African desert of Sahara. Owing to this absence the cooling ' 
of the earth after sunset is exceedingly rapid. According] 
in centra! Asia the nights are very cold, and the winli 
almost unendurable. In the African desert, again, 
the day the air is intensely heated, owing perhaps amoi 
other causes to the absence of evaporation ; but dui 
the night the refrigeration is so rapid that ice may 
times be produced. 

262. Formation of Dew. These remarks lead 
ally to the subject of Dew. For the true theory of 
phEenomenon we are indebted to Dr. Wells, a London 
sician, who published an account of his CKperiments in 1 
By these he ascertained the following laws : — 

. Dew is most copiously deposited under a clear sky: 
. And with a calm state of the atmosphere. 
. It is most copiously deposited on those substaoot 
jiich have a clear view of the sky ; 
1.4. And which are good radiators (thus a gilded thenol 
ieter is less liable to be covered with dew than oni 

5. And which are placed close to the earth. 
I 6, The deposition of dew is always accompanied wifti 
bwering of temperature ; and at those places where dew f 
Mt copiously the temperature sinks lowest. 
I>r. Wells soon saw that the deposition of dew was ow 
radiation. A solid substance which is a powerful radiauil 
and is exposed to the clear sky gives off a great deal of id 
heat by uncompensated radiation into space, and is tbd 
reduced below the temperature of the surrounding air. TTlf 
particles of air in contact with the substance share in tlus 
reduction until they reach a temperature at which they can 
no longer retain their aqueous vapour, but must deposit it 
a the solid body. 
(Se thus see why dew is most copious under a clear 
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I and if we reflect that ihe solid botiy is colder than the sur- 

ffiunding air, and can only obtain dew by cooling the particles 

ir in contact with it, we see the necessity for calmness of 

asphere. We see also why the substance must have a 

r view of the sky. 

Since the deposition of dew is Ihe effect of cooling, we see 

y it is always accompanied with a fall of temperature; and 

B hypothesis that the lowering of temperature is caused by 

distion is also quite in accordance with those experiments^ 

.which Dr, Wells found that dew was most copiously de- 

yatcA on good radiators, 

It is not at first sight so obvious why a substance suspended 
little above the earth should have less dew than one at the - 
rth's surface ; but Dr. Wells' explanation is no doubt the 
irect one ; he remarks that, in the case of a substance ' 
tove the earthj when the air in contact with it becomes 
ptded it also becomes heavier and sinks down, its place. 
ling supplied by lighter and warmer air. The cooling in ihfe 
;, just as in that in which there is a horizontal movement 
F'the air, is not sufliciently intense to produce dew. 
868. Artdflcial formation of ice. t}r. Wells by means 
5 theory was able also to explain. the formation of ice 
i Calcutta, where shallow pans containing water are during 
^ht exposed to the clear sky, and are often in the morning, 
pvered with a layer of ice. 

.Professor Tyndall has justly remarked that the formation 
f ice under these circumstances, while it is due to radiation, 
snands nevertheless an absence of aqueous vapour from the' 
r; and he quotes in favour of this view the remark of 
t Robert Baker, who, speaking of the formation of ice in 
mgal, says that the nights most favourable for its produc- 
3n are those which are clearest and most serene, and I'l* 
which very Utile dew appears after midnight. 
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CHAPTER VI. 



Radiant Heal.— Phosphor 



i and Fluoresance. 



254. FhosphoresceQce. In the preceding chapters'! 
haa been aitempteci to [shew that the radiatioi 
body is, both in quantity and quality, dependent n 
temperature of the body, and on it alone ; and this law n 
be regarded as a very accurate expression of a great numlM 
of facts. Accordingly, if a ihemiometer were raised i| 
ioo°Fa!ir., either by exposure to the direct rays of the sm 
or by immersion in hot water, we should expect to find itt 
radiation precisely the same in both cases, and we should 
be right in our expectation. 

Nevertheless, there are certain substances In which t 
nature of the radiation depends rot altogether on th 
present temperature, but to some extent upon the kind Q 
rays to which they have recently been exposed*. 

Such bodies are said to be phosphortsant. It has beet 
shewn by X. Becquerel that the property of becoming phoft 
phorescent belongs lo a great number of substances. Thiu^ 
if we take a tube containing powdered sulphide of calciut 
or sulphide of strontium, and expose it to sun light or i] 
electric light, if viewed afterwards in the dark i: 
luminous for several hours. Evidendy this luminosity i 
not due to the temperature of the powder; and since tlu 
appearance takes place whether the powder be in vacuo g 
in air, it cannot be due to chemical action, and is probal^ 
rather due to a modification in the molecular stale of ibt 
lx)dy caused by the action of light. 



• Weiavenyei been ibie la study this pe< 
A Ttspia la thoie nyi whkh iie viiiUe \.i 
" ct's of light. 
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The same phEenomenon may be observed in many dia- 
monds, in Buor spar, arragonite, chalk, heavy spar, and a 
number of other minerals ; also among organic substances, 
in dry paper, silk, cane-sugar, &c. 

256. In many instances this exhibition of light lasts for 
a considerable time after the exposure of the substance to 
but in some cases it disappears in a few 
a very small fraction of a second. In 
to investigate the duration of this effect Becquerel has 
:ed an instrument called a phosphoroscope. In this in- 
lent two disks are placed parallel to one another on the 
same asle, and the substanco to be tried for phospborescence 
is placed in a fixed support between these disks ; there are 
apertures in these disks, but the aperture in the one is not 
opposite to that in the other, so that it is impossible to see 
through the disks. Suppose now that near that disk which is 
furthest from the eye there is a source of light, such as the 
sun or the electric light, and that the disks by means of a suit- 
able train of wheels are made to revolve with great rapidity; 
then at the time when the aperture of the disk furthest away 
exposes the phosphorescent substance in the support to the 
rays of light it will be hidden from the eye of the observer 
I by the nearest disk, but a moment afterwards the opening of 

I this disk will reveal it, and if phosphorescent it will then 
appear luminous. It is clear that by this arrangement the 
length of time elapsing between the exposure of the sub- 
stance to the source of light and afterwards to the eye of 
the observer will depend upon the rapidity of rotation, and 
may therefore be made as small as possible. The observa- 
tions must be made in a dark chamber. Becquerel found 
by this means that compounds of uranium are luminous only 
if viewed .003 or .004 of a second after exposure. 

366. Fluorescence. Sir David Brewster was the first 
to remark that when the sun's light is covuJfitiSRd tpj ». 



lens and admitted into certain solids or fluids, there appea 
to be an interna! dispersion of the rays. Some time aftei 
wards, in 1845, Sir J. Herschel began to study a very curiouF 
phtenomenon connected with sulphate of quinine— which is 1 
reality a colourless liquid — namely, that under certain aspects 
a solution of this substance exhibits a beautiful blue colourt^ 
This may be readily verified by viewing by dayhght a sola* 
tion of this substance placed in an ordinary test tube, 
Sir J. Herschel shewed that the incident light, after pass 
ing through a small thickness of the fluid, although no| 
sensibly enfeebled or coloured, had lost its power of p 
ducing this effect. In a solution of quinine therefore then 
is a copious dispersion of light, which takes place nea 
the surface, while there is also a feeble dispersion for a toaj 
distance within the fluid ; and Sir I). Brewster was led ti 
the belief that the dispersion produced by sulphate of quinia 
was only a particular case of internal dispersion. The pha 
nomenon is \.enne.A fluorescence, 

367, Professor Stokes has anee explained this phsiu 
menon with great success. The circumstance to which II 
directed his attention was the fact that a very thin stratum 
of the fluid is suflicicnt to deprive the light of the poi 
again producing the same effect. The rays producing dia*" 
persion, he was led to see, are very quickly absorbed^ 
but he remarked that the dispersed rays themselves 1 
able to travel many inches of the fluid with great freedoiq 
The rays producing dispersion are therefore of a diflfere 
nature from the dispersed rays. 

Professor Stokes was thus led to recognize a change ij 
the refrangibility of the rays when they become disperses 
If it further be supposed that the rays causing dispersioni 
are the invisible rays beyond the violet, this wiJi accoun 
' t ffie circumslance that the visfcVe B.ij'jeirance of the Ugk 
changed when it ia depmed o^ "via ^tiw cS. ij 
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ducing ihis phfenomenon ; and it will also account for the 
fact that the blue appearance can hardlj' be seen by candle 
light, which is de&cient in chemical rays beyond the 
violet. 

258. In order to prove this change of refrangibility Pro- 
fessor Stokes instituted a very extensive series of experi- 
ments, from which he deduced the following results : — 

X. In the phenomenon of true internal dispersion the re- 
(rangibility of light is changed. 

2, The refrangibility of the incident light is greater than 
that of the dispersed light to which it gives rise. 

3- The nature and intensity of the light dispersed by a 
solution appear to be striclly independent of the state of 
polarization of the incident rays. The dispersed light is 
unpolarized, and appears to emanate equally in all direc- 
tions, as if the fluid were self-luminous. 

4. The phenomenon is found to be extremely common, 
especially in the case of organic substances. 

g. It furnishes a new chemical test of a remarkably 
searching character, which seems likely to be of great value 
in the separation of organic compounds. 

Professor Stokes has given a list of highly sensitive sub- 
stances, of which the following is an extract :— 

Glass coloured by peroxide of uranium. 

A solution in alcohol of the green colouring matter of 
leaves. 

A weak solution of the bark of the horse-chestnut. 

A weak solution of sulphate of quinine, namely a solution 
of the common disulphale in very weak sulphuric acid. 

Certain varieties of fluor spar. 

Red sea-weeds of various shades. 

Various solutions obtained from archil and litmus. 

Safilower red, scarlet cloth, and various other dyed articles 
in common use. 
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259. It is important to notice the very striking likeni 
between the phcenoraena of fluorescence and those of pht 
phorescence, noticed in the preceding part of this chapteJ: 
?n both cases it h found that the most refrangible rays 9^ 
Ihe spectrum produce the effect, and the dispersed rays 
always to have a lower refrangilility titan the rays proAieiwg 
dispersion. 

In fact, it is now generally believed that the only di^fe^ 
ence between the two phenomena is one of duration, and 
that whereas in phosphorescence the acquired luminosil)' 
may last for a considerable time, in fluorescent substances, 
or at least in fluorescent solutions, the effect vanishes almost 
instantaneously when once the exciting ray is withdrawn, 

260. In conclusion, it ought to be observed that tlie 
phaenomena of fluorescence and phosphorescence affotd 
peculiar facilities for the study of the invisible rays of lie 
spectrum beyond the violet, and also for the study of the 
effects of the rays on different substances. 

In order to obtain all the information which these phe- 
nomena can give, it is necessary to form the spectrum 
by means of a prism of rock crystal, and to use likewise 
a rock crystal lens, as this substance allows the more 
refrangible rays to pass, while they are absorbed by glass. 
If a spectrum so formed be thrown upon a screen, any 
substance to be examined for fiuorescence or phosphor- 
escence ought to be placed at the more refrangible end of 
the spectrum, and if it is found to become luminous 
that position it may be assumed that it is fluorescent 
phosphorescent. 

If the object of ihe observer be to study the fixed li 
in the invisible ultra violet portion of the spectrum, 
screen of paper washed with a moderately strong solul 
of sulphate of quinine may be employed. The screen 
thus he fluorescent, and will shine when exposed to 
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in\isible rays, except for that part of it which corresponds I 
to a dark line. The position of the darl; line is thus I 
obtained, and by this means Professor Stokes has been able j 
to represent the spectrum far beyond the %iolet. It is need- 
less to mention that a spectrum so obtained will ag^ree in I 
the position of the dark lines with one obtained by any other 



CHAPTER VII. 
Conduction of Heai, 



261. ir one end of a poker be placed in a fire and] 
I allowed to remain there, the other end will in course ofS 
lime become hot ; the heat is thus conveyed to the further I 
end of the poker by means of the particles of the poker I 
itself, and this mode of conveyance is termed the conduction J 
of heal, 

Many simple experiments might be mentioned in illustra- I 
tion of this property possessed by bodies of conveying heat I 
by means of their particles, Thus if a silver spoon be held I 
in the flame of a caniile or thrust into hot water, the end | 
which is held in the hand will soon become inconveniently | 
hot, while if a wooden or stone-ware spoon be used instead, 
no inconvenience will be felt by the hand, for in this case I 
the particles have not the same facility for conducting ] 
beat. 
' We thus perceive a difference between the conducting 

I power of different substances, and indeed \X « ■wiSiV-c-a-s*. 
I that the facuJi/ of conducting heat w ■poftaes^.ei Ni-j twS;** 
modt more than by other bodies ; gems att4 ^^xi. sto'we 



come next in order: while certain organic substances, si 
as wool, feathers, 4c., and gases, such as air, possess t 
property to a very limited extent. Another familiar expd 
ment is to wrap a handkerchief tightiy round a pohshed t 
of metal ; this may be held for some time in the S% 
of a candle before the handkerchief is burned, the heat be! 
conducted rapidly into the substance of the metal. If hoW 
ever the ball be of wood instead of metal, the handkerddf 
will very soon take fire. 

262. Conduction of heat, it will at once be seen, is a v(t| 
different thing from radiation ; and yet there is this bond 4 
union between the t«'o, that they both tend to diffuse I 
in such a manner as ultimately to produce equaUty of ti 
peramre. Thus it has already been stated (Art. 198), that 
thermometer placed in an enclosure of constant temperaim 
will ultimately attain the temperature of the enclosure, an 
it is no less true that in a pot of melted metal the then 
mometer will attain the temperature of the metal; a goo 
conductor, therefore, sucli as a metal, distributes heal h^ 
conduction very rapidly, a bad conductor very slowly, 

263. The conducting power of a body may be roughl 
recognized by the touch : thus if the temperature of a bar 
meta! be much higher than that of the hand, on touching l 
heat is rapi<l!y conveyed from the metal to the hand, and th 
sensation of heat is felf, ' Again, if the metal be much coldec 
than the hand, heat is rapidly conveyed from the hand t 
the metal, and the sensation of cold is felt. 

If, however, the substance be a very bad conductor, s 
as a woollen texture, we can handle it with impunity, e 
although it be considerably hotter or considerably coldd 
than our body, and we can use it as clothing to protect t 
from the cold, since although the outer surface of such 1 
[exiure ma.y be exposed to a. low lem^tUwc.'Jci vIm in 
does not rapidly carry off ibe heat. Iiom Q^ ^^^T "i 
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manner, if we touch anything hot we do it through a simll 
medium, and if we wish to preserve ice we keep it wrapt up' 
in woollen cloth ; in fine, the stale of a substance with regard 
to temperature, whatever this may be, can best be preserved 
unaltered when the substance is surrounded by a doi 
ductor, such as wool or feathers. We shall now proceed tO' 
discuss the conduction of heat : first in solids, and secondly 
in fluids, including liquids and gases. 

CoNDVCTION OF HeAT IN HOMOGENEOUS SoLlnS, 

284, The difference in the conducting power of different 
solids may be recognized by a very simple experiment.. 
Let two bars, one of copper and one of iron, be fixed as 
Fig. 6i, and let them be heated equally by the flame of 




l.,B. 6.. 

^nrit lamp placed between them. In the course of time 
heat will be propagated along both bars, and they will both 
ultimately settle down into a state in which those parts 
the bars nearest the flame will be hotter than those more 
remote from it. 

The copper bar will however be hotter than the iron avx. 
_at the same distance from the source of \ieal:, so feaV ■4. ■^ws» - 
^phosphorus will take fire or wax will me\t on 'Oi\a o.av^'^ 
tt a greater distance from the flame than O'ci. ftve 'iio'f*- '^^ 
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Hence we infer that the conducting power for heat,] 
ihnrmal conductivity as it is termed, is greater for coj 
than for iron. 

2S5. Flow of heat acroae a wall. Fourier was 
first to obtain a clear conception of this property of bo& 
so as not only to define it precisely, but by applying to i 
mathematical calculation to bring' the whole subject und 
the domain of accurate experiment. 

In order to obtain a clear idea of conductivity, let ' 
imagine a iarge vertical wall, one metre in thickness, made 
some conducting substance, and let us suppose that the 
side of this wall is constantly kept at the temperature o°C b 
means of melting ice, while the other side is kept at a 
perature I'^C higher ; all the particles of such a wall will, it ii 
clear, ultimately settle down into a permanent state ■ 
respect to temperature. Let 

il (Fig. 63) denote the hotter side 
^|v this wall and CD the colder, 
\^ wall being perpendicular to ^ 
\e plane of the paper; also imagin 
^v ^Cto be a horizontal line, and \ 
_\ the length of the line AB\x\. 
i to represent the temperature of.th 
\ one side of the wall according I 
J \ g some fixed scale of temperattitf 
\ \ while the line CD denotes that fi 
' the other side according to the sa 
'^' ^' scale; and, finally, imagine 
dotted line EF to represent an imaginary section parallel J 
the sides of the wall and half way between them. 

266. Now, in the first place, there is a certain qui 
tity of beat continually flowing from AB to CD, so tl 
L if we cut the wall by imagvnaiv sections similar to jS"/* 
^ lAere will be a flow of hea.1 across a!i\ ftwae. ^fts&on&w 



direction of AC; and further, it is evident that this flow 
of heat will be the same across all the various sections 
if it were greater across a section near AB than across 
near CJ), then the space between these two sections would 
be receiving a greater amount of heat than it is giving out, 
and hence it would be rising in temperature. But by 
hypothesis all parts of the wall have settled down into a 
permanent state with respect to temperature, and thus we 
see that the flow of heat must be the same across the 
different sections. 

207. In the nest place, the rate of diminution of tem- 
perature from the one side of the wall to the other will be 
uniform, for, by last article, the flow of heat is uniform ; now 
the flow of heat depends upon the rate of diminution ; hence 
the tcmperatiu'e of the half-way section will be the mean 
between the temperatures of the two sides. On the same 
scale of temperature as that before used the dotted Une 
ilF will therefore denote the temperature of this half-way.i 
section. 

288. Again, were the difference in temperature betweea 
the one side and the other double of what it is, it is re; 
able to suppose that the flow of heat would also be doubled, 
so that for two walls of the same substance and equal thick- 
ness the flow of heat will be proportional to the difference 
tempveralure between the two sides. 

269, If we now suppose the wall in the above figure to 
split up into two equal sections, each half a metre thick, by the 
imaginary plane £F, we see that the very same flow of heat 
may be regarded either as taking place across the wall of the 
cnlire thickness of one metre, the difference of temperature 
between the two sides being i°C, or as taking place across 
the section half a metre thick, the difference o? xeTtv^^'a.vvH.e^ 
between the sides being only ^"C ', tbat is to say , X'tve ^o-« "A 
heat across A wall one metre thick, and wvlii one iegtee ce«a 
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grade as the difference in temperature between the sides,! 
the same as that for a wall half a metre thick and with o 
half degree centigrade as the diiFerence in temperature ! 
tween the sides. 
^_ This result may be put in the following tabular form:— 

^h Thickness of will. "T""?" 'li«f '<°" ^s- pj^^ ^^ ^, 

^H tweoil the iides. 

^^B (A) One metre t^C. i 

^^1 (B) One half metre ^"C. i 

^^^ft But by Art. 268 the flow of heat across a wall one n 
^^^Plick, and with one degree centigrade as the difference . 
I temperature between the two aides, is double of that aero 
I a wall of the same thickness with half a degree temperatta 

I difference. Hence, taking the expression (A) of the \ 

ceding tabular statement, we may halve the tempenita 
difference if we halve also the flow of heat, so that we s 
I have 

^^t Thickness of *j]l. "^"^^^'^^^'idts**' Flow of h«l. 

^H (C) One metre fC. } 

^^1 Now, by comparing (C) a.nd (B) together, we see at. 
that the flow of heat across a wall one metre thick with h: 
degree of temperature difference is only half of that a 
a wall of half the thickness and the same temperature ( 
ference ; or in other words, the flow of heat for the saJ 
temperature difference is inversely proportional to the thidt' 
ness of the wall : and combining this with the result pre* 
viously obtained (Art. 268), we may say that the flow of U 
varies directly as the temperature difference, and inversely a^ 
the thickness. This may also be expressed in the following 
manner. Draw the line GD in Fig. 63 parallel to AC, tbeft 
BG and GD represent the temperature difference and thick- 
ness of the wall, and hence — 
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Flow of heat varies aa -rj:, ■Ja.ues a.?. ^■OTl. BiyG. 
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This law has been ex peri men tally verified by M. Peclet. 

270. Definition of condTiotivity. We are now in 
a position to define thermal conductivity. Sul^sing thai 
we have a wail an unit in thickness, then by the condudivify 
of Ihis wall we mean the quantity of heat referred to some con- 
slant unit which passes in an unit of time across an unit of 
surface of such a wall, the difference of temperature between the 
two sides being an unit of our thermomelric scale. To make this 
still plainer, let us adopt as our unit of heat the quantity 
necessary to raise one kilogramme of water from o°C to i^C, 
and as our units of space, time, and temperature difference, 
let us adopt one metre, one minule, and one degree centi- 
grade, iben will the conductivity of the wall be denoted in 
this case by the number of kilogrammes or fractional parts 
of a kilogramme of ice-cold water, which will be raised in 
temperature one degree centigrade by the heat which passes 
in one minute across one square metre of this wall one metre 
thick, the difference of temperature between its two sides 
being one degree centigrade. 

If the substance of the wall be changed, so that, while 
Other conditions remain the same, twice as much heat passes 
across it in one minute, then we say that the second sub- 
stance has twice the conductivity of the first. 

Let C denote the conductivity of such a wall and F the 
flow of heat across unity of surface in unity of lime : then 
if in. Fig. 63 we denote our different units by equal lines, we 
have — 

na 

F=Cx-7T: = Cy l»n BDG^Cx rate of decrement of tenipnaturc. 

271. Flow Of beat along a bar. It is not, however, 
by such a wall that we can best ascertain the conductivity of 
a substance ; for this purpose it is preferable \a ww;^ci^ 
a bar heated at one end. The principXe by vjVi\c!i\ ■&\.e. 
ductivitf may be deduced from the tempet^WTe c.owi**-''^ 
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of such a bar was indicated by Fourier, and has 1 
plied with more or less success by various experimenl 
The late Principal Porbes was the first who condnc 
his research in such a manner as to get rid of < 
theoretical assumptions not strictly accurate, and to 1 
his results to be decided entirely by experiment. We shall 
now proceed to describe the course which he pursued in his 
investigation. 

A bar A£ {Figs, 64, 65) is exposed at its extremity A to 
a source of heat of constant temperature: in these experi- 
ments this extremity was fixed into a vessel full of molten 
lead. If this bar be sufficiently long, its other extremity S 
will virtually be of the same lieraperature as the surrounding 
atmosphere ; that is to say, it will be unaffected by the source 
of heat at A , 

When things have been left for a sufficiently long time, ibe I 
bar will have settled down into a permanent state as regards 
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temperature, and in this state there will be a gradual decrease 
of temperature outwards from ilie extremity A of the bar. 
By practice it was found possible to keep the extremity A ot. 
the bar at a nearly constant temperature, and it ought to be I 
noticed that in this experiment the bar beyond the 
of immersion must be defended by Tnea,Tia o? sraeens (pg, £| 
from the influence of the so>itcc oi >««, w toA 'tot'' 



beyond A may be heated by conduction of heat, . 
nothing else. 

By means of thermometers plunged into small holes 
.drilled in the bar, and kept by some fluid metal in metallic 
^ntact with the bar itself, the temperature of each part of 




hung in the room sufiiciently far from the source of heat, 
served to determine the temperature of the room. Deducting 
this from the temperature of the various parts of the bar AB, 
the difference will represent the excess of temperature of 
each part of A£ due to the source of heat at A, and by 
having a sufficient number of thermometers a curve of tem- 
perature DE may be obtained, of which the ordinate AU 
represents the excess of temperature at A, the ordinate C^ 
the excess at C, and so on. At the point -£", where this 
curve cuts the bar, there ia no excess of tempeYatoia-, 4ibS.^ 
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to say, JFand all points beyond it are virtually 
the source of heat at A. 

272, Now it is clear that heat is constantly flowinj^ 
outwards across any section CC of the bar, but since hf 
hypothesis all parts of this bar have attained a constant stai 

I with respect to temperature, the flow of heat across CC doeA 

I not increase the temperature of the bar beyond CC ; wlHi| 

' then does it do ? A little consideration will shew that it i' 

all spent in radiation and convection of hot air from t 

heated surface of the bar beyond CC. 

If, therefore, we are able to estimate the value of t 
radiation and convection for each portion of the bar beyond 
CC, the integral of this effect will represent the flow of h 
across CC, which, as we have just now seen, is entire! 
carried off by radiadon and convection. 

273. Suppose that by this means we have hcen able ; 
I ascertain the flow of heat across CC. 
I sent another cross section of the bar a litlle (but very littl 

farther off than CC from the source of heat, and let < 
I denote the temperature of the first section, and ^that of tf 

I second, the difference between these two temperatures ; 

I therefore <pF, while the distance between the two sectiona j 

(^; our units of temperature and length being denoted I 

equal lines. 

Hence if we imagme the sectional area of the bar to \ 
I denoted by unity, according to Art. 370, we shall h 



inow of heat across CC = conductivity x ■'r-, = condi 



tivity X tan Ff^ = conductivity x tangent of the an| 
denoting the dowiiward slope of the temperature cut 
at the point F\ 
and hence 

I' of heal across CC 

tan F/4 ' 



conductivity = 



274. In this experimental investigation it is therefore 
necessary to determine two things: in the first place, we 
must have the means of drawing a true temperature curve ; 
and secondly, we must be able to estimate the whole loss of 
beat due to radiation and convection united across any section. 
€C', since this, as we have seen (Art. 272), will represent 
Ihe flow of heat outwards across the same section. 

We have already stated how, in this investigation, the 

ratve of temperature was determined by means of thermo- 

nieiers plunged into small holes in the bar, and we shall 

now proceed to shew how the amount of heat carried off 

by radiation and convection united across any given cross 

Section CC was determined. For this purpose a smaller 

but otherwise similar bar £Af {Fig. 65) was heated to a 

I temperature at least equal to the highest temperature of the 

I bar A3. A thermometer P plunged into a small hole in 

I Uie centre of this bar gave the velocity of cooling at the 

I Various temperatures of the bar. 

It is clear from what we have already said {Arts. 228, 229) 
that the velocity of cooling of such a bar really denotes the 
rate at which heat is momentarily carried off by radiation and 
convection united from the bar at the various temperatures 
of observation, and a little reflection will convince us that by 
making use of these observed velocities of cooling we may 
be able to estimate the amount of heat carried off momen- 
tarily from all portions of the similar bar A£ by radiation 
and convection united, since we know by the curve we have 
drawn the temperatures of the various parts of tliis bar. 

Having thus estimated the amount of heat carried off by 
convection and radiation united from the surface of the bar 
AB past any cross section CC, we can find at once its 
equivalent or the flow of heat past this same section. 

Knowing therefore this flow of heat, and being able to 
determine by means of the curve of tempeia^uics x\ie \oti^^^ 
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of the angle denoting the downward slope of the temperatu 
curve at any point F, we are able at once from the c 
pression (i) Art. 273 to determine the conductivity at i 

275. It will be observed that this process is entirelf 
devoid of any theoretical assumption with regard to the latw 
of radiation and convection, and that it may ever 
ployed for the purpose of finding whether the conductivilj 
of the bar AB varies from one point to another, or whethei 
it is constant throughout. If this be constant throughout 
then the expressions for the conductivity found by Ihl 
process above described for two different sections CC, GQ 
will be the same. On the other hand, if the conductivity 6 
not constant, but vary with the temperature, then the C 
pression found for one cross section CC will be differen 
from that found for another section GG', since the teB 
peratures of these two sections are different. 

276. It was mainly with the view of ascertaining wheUw 
the thermal conductivity of wrought iron varies with the t* 
perature that Principal Forbes made these esperiments, ! 
the results obtained by him will be stated in a future pj 
graph. In the meantime, let us state tlie results obtained bj 
other observers for the comparative thermal conductivity 
the various metals. 

M. Despretz was one of the first to make experiments c 
the subject, his instrument of research being a bar wfl 
thermometers plunged into it at different intervals from tin 
source of heat. After him MM. Wiedemann and Frani 
investigated very carefully the relative conductivity of si 
of the most important metals. They operated with thin bon^ 
and the temperature of these bars at the various points tl 
ascertained by means of a thermo-electric arrangement. 

Their results are embodiev\ in lUe (allowing table. 
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We are probably furnished in this table with very good 
determinations of the relative conductivity of these different 
metals. The same remark ought however to be made here 
that was made on a former occasion, when a table of the 
linear dilatations of different metals was given, namely, that 
difference in quality makes probably a very considerable 
difference in conductivity; and there is reason to think that 
the relative conductivity of pure copper is considerably 
greater than that here given. This table gives however only 
the relativt conductivity, and to complete our information. 
■we require to know the absolute conductivity of some one 
metal. One or two observations of absolute conductivity 
have been made. M. Peclet has determined the ab: 
conductivity of lead by finding how much heat was conveyed 
across a plate of this substance whose two sides were kept 
at unequal temperatures. 

Principal Forbes, in connecdon with the experiments 
already described, has likewise determined the absolute con- 
ductivity of wrought iron. In his experiments conductivity 
was expressed in terms of the amount of heat as unity which 
is required to raise the temperature of one tuHt 'v.ciW. ■* 
water by one deg-ree centigrade. He fs.\>ifts?pesi fee aswsisW- 
of heat reckoned in such units whlc^i -woviA \ia.Ne."t9fc''«« '='"^ 
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minute across an area of one square foot a plate of iron oi 
foot thick with the two surfaces maintained at temperatur 
differing by i° centigrade. According to these experimen) 
the conductivity at o° centigrade of one of his bars wi 
.01337, while that of another bar was only .00993. 
discordance was probably due to a difference in the quali 
of the iron of the two bars. 

277. Variation of thernaal conductivity with t 

perature. We have already mentioned that the main objecC 
of Principal Forbes in his research was to ascertain if the( 
conductivity of an iron bar varies with its temperature. ThB 
method employed has already been described ; it only no* 
remains to mention the results. There were two squan 
bars; the side of one being- ijin,, while that of the othe 
was I in. 

The following table exhibits the thermal conductivity q( 
these bars at the various temperatures of experiment. 



Conductivity (units, fo 


ot — m inote — degrlE) . 


Ti in. b.r. 


I in. bar. 


■o'3.i7 


.0059 a 


.0113,5 


.00943 


jan44 


.00904 


.oio;o 


^S65 




.00835 


!oo966 


.00813 


.00934 


.00795 


.ooyo4 


.00779 


.ooB^e 


.00764 


.00851 
.odSiG 


.00740 

.00736 


.00891 


.00714 



It thus appears that in each case the conductivity d ^^ 

ishes OS the temperature increases, the percentage decreme; 
f conductivity between 0° and ioo''C being 24.5 for I* 
e and 15,9 for the smaU 'bax ol were.. 



S7S. Similarity of bodies as regards their thermal 
and electfio conductivity. Forbes was the first to shew 
that metals follow each other in the same order as conductors 
whether of heat or of electricity *. 

The following table, confirming this remark, was drawn 
up by MM. Wiedemann and Franz when they were engaged 
in deteimining the thermal conductivity of metals. 

_, , . , . ,_ Thermal 

EJeclne conductivity. conductivitv 



Le»d 

German silver . 
Bismuth 



5-9 
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This similarity between bodies as regards their thermal 
and electric conductivities extends also to the decrement 
which their conductivity suffers when iheir temperature is 
increased. 

In Art. i68 the decrement of the electric conductivity of 
iron between o° and i oo^'C as determined by Matthiessen and 
Von Bose was found to be 38.26 per cent., while for the 
same metal and between the same limits of temperature 
Forbes, as we have just seen, has found a decrement of 24.5 
and 15.9 per cent, in the thermal conductivity of his iron 
bars. The numerical value of the decrement for heat is thus 
considerably smaller than that obtained by Matthiessen for 
electricity. 

• Very recently Tait, continuing Forbes' experiments, has shewn that two 
specimens of the ssme metal which differ from one another in their thermal 
eoDductivity differ in the same order in their eltcHic condiicOwiX^ . 
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279. Difibrence between transmission of heat i 
traasmissioii of temperature. If the definition of tlieni 
conductivity be considered, it will be found that it \ 
account of the quantity of heat referred to some unit whic 

I passes across a substance in unit of time. 

Suppose now that we have two bars of different substance 

1 but precisely of the same conductivity, and also of the saniQ 

shape and surface covering, and that we heat the ends of botH 
to the same extent. If we allow a sufficiently long t 
elaj>Be, we shall no doubt find the distribution of temperaturt 
in both bars to be the same. But if we examine them both a 
the end of a short time, such as a minute, it does not follov 
that at the distance, say, of one inch from the heated end, the^ 

I will both have the same temperature. The two cases are vi 

different. In the former, the bar has attained a permanei 
temperature condition, and the flow of heat outwards is entirelj! 
spent in radiation and convection. If therefore two such ban 
of equal conductivity be coated with the same substance, i "" 
that their external surface is the same, then both bars will b 
similarly afll"ected by radiation and convection. Referring 
therefore to previous articles, there is evidendy no reason whj 

I any of the elements should be different in the two ban 

Both will therefore have the same curve of temperature. 

But in the second case, when we only allow a minute t 
elapse, the stale of things is very different Here the particJel: 
of the bar are in the act of rising in temperature ; a g 
portion of the flow of heat is therefore spent in iJ 
the temperature of the bar. Now it may lake much mont 
heat to raise a given slice of the one bar one i 
temperature than it will take to raise a similar portion of d 
other. 

The following experiment in illustration of this has 

k made by Professor TyndaW. TaV.ft two ^reecisRl'^ dmi 

m prisias, one of bismuth and one ol '«oii, wii toa. 'iift 
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af each with white wax, and place them with their coated 
Ends upwards on the lid of a, hot vessel. The wax will first 
melt on the bismuth, although by the table of Art. 278 it will 
be seen that iron is the best conductor. The reason of this 
is, that it requires more heat to raise the iron one degree in 
temperature than it does to raise the bismuth. 

280. Safety-lamp. The present is perhaps the l>est 
opportunity of alluding to the safety-lamp, the action of 
•which depends to a great extent on the withdrawal of heat 
'by wire gauze. 

If a surface of wire gauze be lowered into the flame of 
i4 jet of gas, it will seem to crush the flame down before it so 
Itiiat none will appear above. But if while the gauze is held 
in this position the flame be extinguished, and then the gas 
ignited above the gauze, in this case there will be no flame 
below. It would thus appear that the flame cannot pass 
through the gauze ; and the reason is that the heat of the 
Same is transferred in a great measure to the mass of metal 
*hich is placed upon it, by which means the temperature 
is so much lowered that combustion is stopped. 

An ingenious and useful application of this principle was 
devised by Sir Humphry Davy, He found by experiment 
that a lamp surrounded by wire gauze might bum in an 
atmosphere of explosive gas without communicating sufficient 
heat through the meshes of the gauze to produce explosion, 
so that a miner furnished with a lamp of this kind, and 
UStag It with proper care, will be secure from the action of 
fire-damp. 

Quite recently it has been shewn by Mr. Galloway that a 
violent external explosion destroys the action of the safety- 
lamp and forces the flame to pass through the gauze. 
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Conductivity of Non-Homogkneoits Solids 
AND OF Crystals. 

281. 0\\'iiig to their want of continuity, powders, an( 
tissues, such as wool, fur, feathers, Ac, are very bad coa 
ductors of heat. The heat has io its course to pass u 
often from the substance into the air, and from the air bad 
again into the substance, that its progress is extremu 
slow. I 

In substances which possess a fibre, the conducting po^ 
for heat in a direction across the fibre is generally differed 
from what it is in the direction of the fibre. i 

MM. De la Rive and De Candolle were the first to reman 
this property in the case of wood, in which they found tbij 
the conductivity was greater along the fibre than across n 
and this result has been confirmed by Professor Tyndd 
It has also been found by MM. Svanberg and Matteud 
that bismuth conducts both heat and electricity better alofl 
the planes of cleavage than across them. I 

We are chiefly indebted to De Senarmont for our knon 
ledge of the conduction of heat in crystals. He cut thil 
slices in different directions out of ciystals, and piercing ibeK 
thickness by small holes in the centre, he passed a n 
through them along which a constant electric current i 
made to pass : the wire thus became verj' hot, and the hetl 
was conducted on all sides of the hole. The slice of crystd 
was coaled with was, and the result of the heating of tl 
crystal by means of the wire was a general melting of i 
wax all round the wire. If the substance was of eqnaJ coO! 
ductivity in all directions then the wax melted in a dr^* 
but if the conductivity was unequal it melted in an ellipaa 
The border of the melted poitiow ■te^iescT.vsd ^ ihia ntetbcK 
an isotbennil line or curve posscssiu^ftiesMnft' 
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throughout, this temperature being that of melting wax, De 
Senarmont thus determined that in quartz and calc-sp;ir the 
axis of symmetry is the direction of greatest conductivity, 
while for a plate cut in a plane perpendicular to the axis of 
symmetry the conductivity is equal in all directions, 

A crystal of idocrase, however, conducts best at right 
angles to its axis. De Senarmont has obtained the fol- 
lowing laws ; — 

1. If we could imagine a crystal of the first system, such 
as rock salt or fluor spar, to be heated in a point in its centre, 
Ihe isothermal surface -would he a sphere, or the cojiduclivily 
will be equal in all directions. 

2. Jf the crystal be of the second or third system, {sym- 
metrical around om axis,) then the isothermal surfaces of such 
a crystal, heated internally at a point, would be spheroids, thi 
a-xis being in Ihe directimt of Ihe axis of symmetry. 

3. But if the crystal be 0/ Ihe system characterised by three 
unequal axes, then the isothermal surfaces are ellipsoids with 
three unequal axes. 

CoNDucTiviTV OF Fluids. 

12. The conductivity of liquids may be determined in 
the following manner. In Fig. 66 let there be a vessel 
of water in which wc place a differential thermometer, one 
bul& being near the surface and one near the bottom. Now 
place a vessel containing boiling water or boiling oil on the 
surface, and it will be found (bat the beat from this vessel will 
penetrate downwards very slowly, so that for a long time the 
differential thermometer will scarcely be affected. Water is 
thus proved to be a very bad conductor of heat. If we wish 
to try mercury, let the vessel of Fig. 13 be filled *b\^.Vl mves.- 
cuty, and let a little alcohol on the swEace \)a «e't 'a'^ '*** 
It ml! be found that the thermometer w^W soo^'*o&&'^^'^ 
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thereby shewing that mercury is a much betler conduca 

than water. 

Professor Guthrie has recently endeavoured to detert 

the thermal resistance of various liquids. The essential p 

of his apparatus consisted of twol 
hollow cones, the firs: of which 
was erect and the second inverted 
KO that the bases of the two migh^ 



i 



be brought togethi 
perimcnts a film of the liquid 
be examined was made to lie 
tween these bases, its upper i 
fa.ce being in contact with 
base of the Erst cone and its ut 
surface with that of the secc 
The cones were of brass, bnt t 



■ Fig. 66. 

I bases consisted of perfectly 

sheets of platinum. A current of hot water of known lei 
peratiue was carried through the first or upper cone, whi 
on the other hand, the second or nader cone was used a 
an air thermometer. 

The experiment was performed in the following i 
In the first place the two cones were brought into a 
contact, and the effect upon the lower c 
moraeter of the healing agent introduced imo the upp( 
cone was noted. Other things remaining the same a liqnl 
film of known thickness was then introduced between t 
two cones and the effect upon the under cone or air thenna 
meter noted as before — the difference between the two effM) 
was taken as a measure of the thermal resistance of the Kqidii 
By such means, using liquid films i millimetre in ihic 
and a temperature difference of lo^C, the following i 
e obtained. 
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thermil resUunce. 
Am flic al coll nl ....10.2^ 
Oil of lurpentine .. 71.71 



Buiylic alcohol 



. <j.86 



Iodide of amy] . 



In the next chapter it will be she\vn that in liquids heat 
s communicated more by convection than by conduction. 
It is believed that the conductivity of gases is, like that of 
liquids, extremely small ; but this is a subject of which little 
is known, the experimental difficulties being very great. 
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CHAPTER VIIL 
Conveclion of HcaL 

CONVECTIOH IN LlQUIDS. 



283. It was stated in the last chapter that liquids, sucbJ 
as water, are very bad conductors of heat, and an expend 
ment was described in which a vessel of water was heated* 
on the upper surface^the effect travelling downwards very! 
slowly. 

The heating of the water would however have been greatly j 
hastened if llie vessel had been heated from below instead 
of at the top, and the difference between the result i 
two cases is due to a process termed Convection, which we 1 
shall now descrilie. As the lower strata of water in such.1 
a vessel become heated the particles expand, and thus ( 
become specifically lighter than those abo'fe ft\c:wv, Osw-- 
sequendy they rise to the top, and aie Te^\aK.ei ^:>'i cdvCve,-^ 

Tl 



particles descending from above, for the same 
ihat a cork rises to the surface of the water, or a ballo 
rises in the air. By introducing a Utile colouring matt 
such as fragments of cochineal, the course of these curtex 
may be observed, and it will be found that there it 
current ascending from below and side currents descendis 
from above, after the manner of Fig. 67. In the Geysers 
Iceland, which are large tubes of water heated from beloi 
we have a natural instance of convection on a very lar 
scale ; and travellers relate that a small piece of papi 
thrown into the centre of the pipe is drawn to the side, i 
thence carried downwards by the descending current. 

Another very good instance of the operation of convectldi 
^^^is that described in Article gy, from which we see that t 
^^^^ surface particles of 



lake cooled at the tl 
become specifica 
heavier, and desce 
until the whole 1 
of water has attaint 
the temperature 39, 
Fahrenheit, this b 
the pobt of n 
mum density of w 
When the whole li 
has attained this te 
perature the proce 
of convection 
an end; and if I 
surface particles , 

cooled still further, they become lighter, not heavier; i 

instead of descending, remain at the top. 

284. It will thus be observed that convection c 
upon two things. In iVie fiisi v^*"^^- *■ i^V^^ ■« 
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extent to which the liquid expands under heat; thus, for 
instance, if a hody hardly expanded at all its convection 
would he very feeble. In the second place, convection 
depends upon the force of gravity. Were there no gravity 
there would be no convection ; indeed the very term ^peci' 
fically heavier has a reference to gravity : so that if this force 
did not exist the effect of the heating would always be the 
same whatever was the part of the vessel to which the heat 
was applied. 

CoNVECTioy IN Gases. 

285. Convection takes place in air and gases even more 
I energetically than in fluids, the coefficient of expansion of 

a gas on account of heat being comparatively great. Many 
familiar instances might he mentioned in illustration of the 
convection of air : thus, tlie air heated by a fire, being lighter 
than that around it, rises upwards, sometimes carrying with 
it small particles of solid matter, which become visible in 
the form of smoke. Even where there is no opaque matter 
mixed with the air, the currents which form convection a 
rendered visible in another way. As air expands, its index 
of refraction becomes less, and the result of this is 
apparent unsteadiness and indistinctness in objects viewed 
through heated air, which may be noticed above a lime-kiln, 
or in the air near the ground on a very hot day. 

286. Trade winds, &c. In nature we have convection 
of air on a very large scale. The air of the equatorial Z' 
expands under the powerful influence of a vertical sun, and, 
becoming lighter, ascends, while its place is supplied by cold 
air from the regions north and south of the equator. Let ua 
confine our attention to the northern heTms^\\eTe,'j.ft& ciitv- 
sider the air which rashes south to. auppV^ i^e ^Vca 'a'i '^ 
wr carried upwards in the equatorial regiOTis- 



The earth, il is well known, revolves From west to east: 
body of air therefore which approaches the equator from 
north conies from a place of smaUer 10 a. place of g 
velocity of rotation, it therefore lags behind, or in 
words, appears to go towards the west; this current of 
will therefore not blow directly from the north, but ' 
rather be a current from the north-east. In like ; 
the cold air from the southern henaisphere blowing t 
the equator will form a current from the south-east, 
two currents blowing towards the equator in the two hej 
spheres are called the two Trade Winds. 

Having thus considered the cold winds which come 
replace the air carried upwards at the equator, let us B 
endeavour to trace the course of this equatorial air. W 
it has mounted to the upper regions of the atmospher 
proceeds northwards and southwards towards the poles ; ! 
going from a region of greater to a region of less velo 
of rotation, it gains upon the earth, or in other words, g 
eastward. Could we ascend into the upper regions of 
atmosphere at the equator, we should there find curre 
blowing from the south-west in the northern hemisph< 
and from the north-west in the southern. These winds 1 
called the Rdurn-Trodes, their direction being opposite 
that of the trade winds. 

At the equator this return current is very high, so that tf 
the summits of the Andes are probably beneath it. Volca 
explosions have however sometimes occurred in these regie 
with sufficient force to drive ashes up into the return curr 
which, when they regained the earth at a considerable c 
tance ofT, told by the course they had taken the directioa 
which the upper strata of air were moving. 

As the return current proceeds north it gradually ( 
scends. At Teneriffe it has B.\Tea.4^ ^aSum^jAti's ■&«« 
OT the mountaitv, and U leacWs i.\k: eitt\i m. *««a. wm 
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latitude; so that the south-west wind is perhaps i 
prevalent than any other in the British Isles : on the other 
hand, we are also often exposed to the trade wind i 
form of a cold wind blowing from the north-east. 

The land and sea breezes are probably produced by 
similar causes. During the day the land is more heated than 
the sea, and a vertical current is produced, carrying upwards 
the land air, which is replaced by air from the sea — ^this 
the sea breeze. But after sunset the land cools more rapidly 
than the sea, and the cooled, and therefore heavier, land a 
moves seawards, thus producing the land breeze. 
. Bearing in mind what has now been stated, it is natural ;to 
suppose that convection currents should be very powerful h 
the atmosphere of our luminary. For, in the first place, the 
changes of temperature occurring there are no doubt very 
great, in the second place the force of gravity is very ii 
and lastly the expansion of gas through beat is \^xy great. 
It is not therefore surprising that Lockyer should have ob- 
served on the solar disk traces of motions exceeding one 
hundred miles per second. 

2S7. Iiftw of cooKng due to a gas. It has been al- 
ready shewn (.\rt. 229) that a body placed in vac 
surrounded by an enclosure of lower temperature than itself 
will gradually lo.se heat. If the body be surrounded not by 
a vacuum but by gas, it will lose heat more rapidly than i: 
vacuo, and the difference between its velocity of cooling ii 
ihe two cases is due to the presence of the gas. Thus the 
whole velocity of cooling of a body in air or gas is due , 
partly to radiation and partly to the gas, but it is only the 
latter cause with which we are at present concerned. The 
velocity of cooling due to gas, or, which is the same thing, 
the amount of heat carried off niomenliuV'j ^"iOTti ■ji.\ki&^ "^ 
gas, v/as investigated by MM. Dulong ani "CatvV ti. ■&*•«. "o 
vAen they also ascertained the law of cooWivg w "'a^^'^- 
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This research was very troublesome j for the tern 
perature of the thermometer, and the density, temperaiuM 
and chemical nature of the gas, had all to be varied befow 
the exact law could be ascertained. The following resnH 
were obtained by these experimenters. J 

1, TAe ve/en'iy of cooling due to the sole conlacl ef a flfl 
is entirely independent if the naliere of the surface of the ho^. 
Sir J. Leslie was probably the first to make this remark in 4 
general way, and the truth of his remark has been well cob- 
finned by the accurate experiments we are now describti^; 
Thus, as far as gas or air is concerned, a silvered tbertnw 
meter will cool just as rapidly as a blackened one ; but si 
far as radiation is concerned, it will cool less rapidly that) 
the blackened one. 

2, The velocity of cooling due solely to the contact of a gas d 
proportional to the excess of temperature raised to the pffwH, 
1.Z33. From this law also we see the diiference betweert 
cooling in vacuo and the cooling due to a gas. In vaciij 
the effect for the same excess of temperature of the thei^ 
mometer above the enclosure varies also with the leiw 
perature of the enclosure (Art. 231), whereas ki the caM 
of a gas, the effect depends only on the excess of iein< 
perature. 

3, The cooling pmver of a given gas and for a givtn exeea 
of temperalure depends not on Ike density hut on the pkessurS 
ef the gas. The following expressions give the relation 
between the velocity of cooling and the pressure {p) for the 
different gases, the excess of temperature being supposed 
constant throughout : — j 

For atmospheric air the velocity of cooling varies as/f", I 

for hydrogen ^'", I 

for carbonic acid P'*"vi 

for oleHaiit gas V^i 
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Combining this last taw with the previous ones we see that 
I the expression for the velocity of cooling due to a gas will 
rliave the following form — 

Velocity of cooling = mp^t''^^^ ; 
1 constant, depending partly on the dimensions 
E body and partly on the nature of the gas ; ^ is the 
expressed in millimetres ; a is an index which we 
%ave given above for four different gases ; and / is the gx- 
(cess of temperature in centigrade degrees. 

In order to express the cooling power of a gas in absolute 
I units we must refer once more to a research of Mr. Hopkins 
already quoted (Art. 235). Let C denote the quantity of 
heat which would be carried off by a gas in one minute 
from a square foot of any kind of surface fC above the 
surrounding gas, of which the pressure, expressed in milli- 

Imfetres, is p, the unit of heal being that amount of heat 
which would raise the temperature of 1000 grains oF distilled 
■water i^C ; then 

C=.o373 (- — J /' ^^ for atmospheric air. 

Combining this determination with the researches of Dnlong 

t Petit, we find 






foi hydrogen, 
for carbonic acid, 



C-.0497 (- — ) /'-^^ for olefiant gas. 

Example. Let it be required to find the whole amouni of 
heal due to conveclion and radiation united which leaves a 
square foot of surface of dry chalk in one minute, the tem- 
perature being 5o°C, while that of the surrouniing t-wiciSise. 
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-="-*:: xr-± hTdroEren of the 
3~ ^iVr^nce to Art. 235 
- ..--s :■:" beai in this case 



I 

brre 
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700^ ^ 

= i3-95«- 

Tt :r rimi ±i: al- ibese for- 

:r -.- dr- is iher enable us to 
.^ .-• ■ >ii: i±K :o radiation 
: v^i^ il ±'f r-irdcolars are 
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: " ->: .: ,. : .. T- - j.?w.~= -Ttt ir::rc::: of hea: which 
..:■■ i ■.>..-. ^ . • ;. -.->> _: -I'-r-:-- i? ::~pera;ure is chanp 
: . 1 :: -.1 -t .-.:, ^;. -l-: -h::: :: cLirres i:s sure. 1 
1; \h.< .-. r :-::-r>:r- :? ;::r: fome iziv: of hear, and ^ 
-•..■■C isr :r. :hi- v.-:rk: if :ur :herTDal uni: uie qumtiiy 
r.-ri: r.:'.':«iidr.- :o niit one kij-sramme ot' water I'rom 
Vi I C. 

r. *i^^ present chapter we shall treat of the amount 
' body absorbs, or gives out, when its temperati 



rises or falls to a given extent. This is called specific hi 
and we define the specific heat of a given substance to b( 
the quantity of heat necessary to raise one kilogrami 
the substance i^C in tenns of thai necessary to raisf 
kilogramme of ice-cold water t^C reckoned as unity. Thus, 
if a kilogramme of any substance required as much heat to 
raise it from ioo°to ioi''C as would raise three tenths of 
a kilogramme of water from o° to i°C, then we should say 
that the specific heat of this substance at this temperature 
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289. I, Method by mixture. Three different methodtf 
of measuring the specific heal of substances have beer 
posed. They are known as (i) the method by mixture, 
(2) the method by fusing ice, and (3) the method by coolinf 
In the first of these, or the method of mixtures, the ex- 
periment is made in the following manner. Take a known 
weight of the substance of which the specific heat is desired, 
and heat it to a known temperature, then mix it rapidly « 
a known weight of water at an inferior temperature (say at 
o°C), and notice the temperature of the mixture, If we are 
at hberty to suppose that none of the heat has been otherwisep 
disposed of, we have at once all the means of determining' 
the specific heat of the substance in question. Thus, let 
X denote the unknown specific heat of the substance, i 
let m be its mass, and / its temperature ; also let AI be the 
mass of water at o''C with which it is mixed, and let 8 be 
the temperature of the mixture. Then the qiianlity of heal 
lost by the substance wiii lie nix(l—6), while that gained by 
the water will be MB. Since the whoVe i^'ii.-rtCwj 'c^ \«^^ 
remains the same, the one of these expTC?.^\OTv% ax<«x. siop-'w 
ac other. Hence m.v(/~d) ^ MS, horn '«\v\tV x -kw-I ^ 
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lethod, 



easily found. As an example 

that 3 kilogrs. of mercury at ic 

I kilogr. of ice-cold water, and that the temperature of th^ 

mixture is g^C, what is the specific heat of mercuiy ? 

we have m = 3, 8 = 9, i—B^ 100— 9 = gi : hence 



X9i = 9; 



— =033 nearly: 



so that the specific heat of mercury is only j'gth of that <] 
water. 

In this process it is assumed that the specilic heat fl 
mercury^ is constant between. 100° and 9°C, or rather i 
the mean specific heat between this range that is dctennin 
by the experiment. 

A serious objection to this method consists in the i 
avoidable loss of heat which is likewise incapable of accura 
measurement. For in the example given above the hea 
the mercury is not all confined to the mixture, but part o 
is spent : 

I. In warming the vessel which contains the mixture, 
I, In warming the agitator and thermometer, 
3. In dissipation from the sides of the vessel ; 
and unless we have the means of estimating exactly the los 
of heat from all these sources we shall not be able to obtaia| 
a good result. 

280. II. Uethod by fusioQ of ioe. The secotu 
method of measuring specific heat is by the fusion of ic( 
In this method we have an inner vessel A (Fig. 68) ^ 
contains ihe substance on which the experiment is n 
This vessel is placed in the interior of a larger vessel B, 1 
space between them being filled with melting ice. 
vessel B, again, is in the inierior of a still larger ves 
the space between them being, again, filled as before 1 
melting ice. 
Since the exterior of the vca5e\ B \s a,\. "Cw: \ 



'C, we may imagine thai the ice in this vessel will only 
through means of the hot substance which is placed 
. If therefore we know not 
mly the weight but the tempera- 
ture of the substance in A, and 
also the quantity of ice which has 
1 converted into water in con- 
"sequence of this hot substance 
Jiarting with its heal, we have the 
of finding the specific heat 
Of the substance in ^. A stop- 
cock connected with B serves to 
Carry off the water formed through 
Dielting of the ice, and hence, by 
■Weighing this water, we know ap- 
proximately the quantity of ice melted 
the quantity of heat necessary to convert ice into water 
Can find the heat given out by the 
substance in A. The chief objection 
to this instrument is that we cannot 
TOeasure accurately the amount of 
*ater produced since a certain 
i«DOunt remains adhering to the ice. 
Professor R. Bunsen (Phil. Mag. 
871) has devised a modifi- 
in of the ice calorimeter for the 
f measuring the specific 
of substances which can only be 
;ured in small quantities. 
It consists of an inner glass vessel 
a fused into a larger cylindrical ves- 
sel J as in Fig. 69. From the vessel d 
proceeds the ttibe c to the termination of which the iron 
collar d is fastened. The inner vessel a is 
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to fly as also the outer vessel d from /3 to X, with water from 
which all the air has been removed by boiling; the re- 
mainder of the vessel d up to the level y is filled with boiled 
mercury. 

Before using the instrument it is necessary to obtain a 
cylinder of ice in the vessel ^ so as completely to surround 
the vessel a, and for this purpose the whole apparatus is 
placed in a large vessel and surrounded with pure snow. 
When this operation is complete the scale-tube s, fitted 
accurately into the cork with fine sealing-wax, is then passed 
lhn)ugh the mercury in the collar d and made fast in the 
mouth of the tube c so that it (the scale-tube) becomes filled 
with mercury. 

Our object Ix^ing to ascertain the amount of heat which 
a small body gives up when cooled from its ordinary tem- 
perature to o"C, let this body be dropped into the water 
contained in the vessel </, which is then closed with a cork 
at 5 to prevent change of air. It is clear that all the heat 
which this body gives up is employed to melt ice. For the 
weight of the lK>dy is so small compared with that of the 
ico-coKl water into which it is plunged, that the temperature 
oi' the latter never roaches 4'"C, the heated water will there- 
fore bo specifically heavier than that above it and will remain 
at the bottom. Thus none of its heat will be carried a^av 
by convection, and we may neglect that carried away by the 
conducting power of the water above it, this being very 
small. In fine, all the heat will go to melt ice in the vessel 
/• ; this nioltini:: will ajjain cause a diminution of volume, and 
this in its turn will be indicated by the motion of the 
niorcurial column in the scale tube s. 

Trofessor Bunson thinks that it will be possible to deter- 
mine the heat of combustion of gases by the ice-calorimeter 
with much irreater accuracv than can be done bv anv 
method hitherto available. 
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Sei. m. Method by cooling. The third means of 
. estimating specific heat is by the method of cooling. If 
itwo substances be exposed to the same cooling influence 
it is manifest tfrat the one which has the smallest specific 
jheat will cool fastest. Thus, suppose that we have two 
thermometers with blackened bulbs of precisely the same 
size, the one being filled with mercury and the other with 
water ; further, let these instruments both cool from a cotii- 
,mon temperature under precisely the same circumstances, 
lit will be found that the mercurial thermometer will cool 
imoie than twice as fast as the water one. For although 
I the weight of the mercury is more than thirteen times that 
I of the water, yet the specific beat of mercury is only one 
thirtieth of that of water, and hence, while the same amount 
of heat leaves both instruments in one minute, yet this heat 
' will produce on the water thermometer only thirteen thirtieths 
■ of that diminution of temperature which it produces on the 
I mercurial one. The idea of measuring the specific heat of 
[bodies first originated with Black, who was also the dis- 
coverer of latent heat ; and many numerous and important 
e»periments have since been made on this subject by e 
bimiber of observers. 



Specific Heat of Solids. 

293. Some of the latest experiments in this branch of 
I the subject have been made by Regnault, who used the 
' method of cooling. In these experiments the substance was 
reduced to a fine powder and enclosed along with a delicate 
ihermometer in a vessel which was exposed to the cooling 
influence. Although every precaution was used, the result 
I of this process was not satisfactory ; one objection was that 
I the heat was not conducted sufliciently fast from tbe ys«4es J 
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to the sides of the vessel which contained it. Another is 
that the specific heat of the same substance in the solid 
state depends to some extent on the mechanical treatment 
which it has received Regnault has also investigated the 
specific heat of various solid substances by the method of 
mixtures. 

298. Bise of specific heat of solids with tempenk 
ture. It was first shewn by the experiments of Dulong ai 
Petit that fJie sptcific heat of a solid is greater at a high 
perature than at a low one. The following table embodie 
the results of these experiments. 



Substance. 



Ir» n .... 
Zinc .... 
Antimony 
Silver . . 
Copper . . 
Platinum 
Glass . . 



Mean Specific Heat 



Between o" and lOO^C. 

0.1098 
0.0927 
0.0507 

00557 
0.0949 

0.0355 

0.1770 



Between o" and 2fioX. 



0.1218 
0.1015 
0.0549 
0.06 1 1 
0.1013 
00355 
0.1990 



It will be noticed that for all the substances in the abow 
table the specific heat is greater at high temperatures, witfc 
the exception of platinum, for which the specific heal 
remains the same between the limits of the experiment 
Probably the reason of this is that the highest temperature 
of experiment was very much below the melting-point of this 
metal, and it has been found by Regnault that the variation 
of specific heat with temperature is much more rapid when 
the substance approaches its melting-point. M. Pouillet, bf 
means of the method of mixtures, has obtained the specific 
heat of platinum at still higher temperatwes. His fesults 
are as follows — • 



r 
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Mean Specific Heit of Plitinuni 

:weeii 0° and lOO'^C O.O335 

.. O .. 300 OOJ43 

„ o „ 500.., 0.O35J 



The constancy of the specific heat of platinum renders 
I this metal serviceable as a pyrometer, and a piece of pla- 
1 tinum may be used for estimating the temperature of a 
I furnace. When it has attained the temperature of the 
furnace it is taken out and plunged into a known quantity 
■ of ice-cold water. By means of the rise of temperature 
produced it is easy to calculate approximately the lem- 
' perature of the platinum, and hence of the furnace. 

2B4. Circumatanoes which influence tbe speoiflc 
heat of solids. The specific heat of a solid has been 
found to depend on the mode of aggreg'ation of its mole- 
cules and on the nature of the mechanical action to which 
, it has been subjected. In general whatever augmenis the 
\ density diminishes {he specific heal, and whatever diminishes ike 
density augments the specific heal ; and it is perhaps owittg to 
^expansion thai the specific heal nf a body increases with its 
. lentperature. The more carbon is divided the greater is its 
specific heat. The following table exhibits the specific heat, 
in their different stages of aggregation, of carbonate of lime, 
sulphur, and carbon. 

Ciibantte orLime. 

Aiijionite 0,1085 

^Iceland ipir o.zoSj; 

;Ch»lk 0.1148 



Sulphur. 

Recently melted 0.1S44 

Melted leu than 3 monttu a. 1803 

M«lted leai than 1 yeaii .. 0.17G4 

Natural crystals O.1776 



i. 



Carbon. 

Animal charcoal 

WooddurCTOl - 

Coke 
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Specific Heat of Liqlids. 1 



295. Regnault has determined the specific heat of J 
ber of liquids by the following method. The iiqui( 
experiment is contained in a reservoir Jl (Fig. 70) « 




immersed in the middle of a bath, and by agitating thi 
of this buth a definite temperature is communicateil] 
liquid in i?. By opening the stop-cock at r and brinj 
bear at the same time an atmospheric pressure upj 
liquid, it is driven through the tubes at r into a v 
tained in the calorimeter C. Having entered I 
meter and having disposed of its surplus heat, tl 
ture of the water of the calorimeter is observed by n 
the thermometer T, and this affords the means of 
the specific heat of the liquid. The calorimeler J! 
—hv means of a screen P from the heat of H. 



Gmerally speaking a substance when liquid has a grtaU 
specific heat that when solid, a facl which was discovered by 
Irvine. Thus the specific heat of ice is only one-half that of 
water. 

286. Variation with temperature of the BpecLQo 
heat of liciuidfi. The specific heal of liquids increas. 
general with the ieviperature and at a rate exceeding thai of 
solids. Thus bromine has between — 6^ and io''C the i 
specific heat o 10513 while between 13° and 58° it has the 
mean specific heat o 1 1294 

The specific heat of witer it vanous temperatures 
been especiallj studied by Regniult who has obli,m£.d the 
following result 

^V Mean SpcciRc Heat of Water 
^H [Ftomo'^tc, 40=0 1.QO13 



It was formerly thought that the specific heat of water 
was greater than that of any other liquid, but from a 
research of Messrs. Duprd and Page {Trans. R. S. 1869) 
there is reason to think that the specific heat of a mi 
alcohol and water in which there is zo per cent, of alcohol is 
as high as 105, that of water being 100. 

Spedfic Heat of Gases. 

387. In this branch of our subject there are two sets of 
determinations to be made. We must find, in the first place, 
the specific heat of gas under constant pressure ; and in the 
second place, the specific heat of gas uv\d<iT tonSsaS. Nt^vcaa- 
In a future past of ibis work it will be 3\ie-«ii\\ONN 'Onfi.^K. ^».^ 
az-e connected together. 



d^ 
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Many experimentalists have been engaged in these detei 
minations. Before the time of Regnault one of the most 
exact researches was that of Delaroche and B^rard, which . 
was crowned by the Academy of Sciences. These experi- 
mentalists produced a current of gas of uniform velocity 
which was first heated to loo^C by being passed through 
tubes enveloped in boiling water, and was then cooled in its 
passage through a calorimeter, to which it abandoned its 
excess of heat. It ought likewise to be mentioned that 
Joule made an accurate determination of the specific heat 
of air, 

After many years' trials Regnault finally adopted a modi- | 
fication of the method of Delaroche and B^rard. 

His apparatus was constructed so as to fulfil the followicigJ 
requirements — 

1. To obtain n gaseous current of constant velocity, * 
velocity might also be regulated at will. 

2. By means of a bath to give a determinate temperature 
to the gaseous current. 

3. To construct a calorimeter in which the gas would 
entirely dispose of its excess of heat. 

In order to obtain a gaseous current of constant velocity 
the following arrangement was adopted. The gas, after being 
dried and purified, was forced into a large reservoir H 
(Fig. 71) of 35 litres capacity. A manometer attached to 
the reservoir at m indicated the pressure of the gas. The 
reservoir was surrounded by a large mass of v 
by means of an annular plate a. The gas would thus take tl 
temperature of this water — this temperature being c 
by the thermometer T. Suppose, in the first place, that 4 
reservoir is filled with gas and that the stop-cock / is a 
Opening now the stop-cock at / this gas will escape ihro 
the tube shewn in the figMxe, ^a&svt\% ^-^wiSq < 
arrangrement at S, by vittcb a cwliwi Vv^ v 



allowing, J 
^,whtdH 
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given to it, tiien parting with this excess of heat to a calori- 
meter at C, and ultimately escaping (say) into the air. At 
the end of the experiment suppose that the stop-cock at / is 
once more shut. Knowing the pressure and temperature of 
ihe gas in R at the beginning and end of the experiment, if 
the chemical constitution of the gas be known, and if it obeys: 
Boyle's law, the weight of gas passed through the calorimeter 
will be known. If Boyle's law do not hold, it is yet possiW^ 




Fig. 71. 

^h with more difficulty, to ascertain the weight of gaS' 
b, but into the details of the method of doing so we will. 
P' enter. The weight of gas consumed during the experi- 
Ctis thus known, but in order to obtain a definite result 
mething more is necessary ; the velocity of the currer 
gas through the apparatus ought to be constant throughout 
the experiment. It is clear that without some special £ 
rangement this current will not be constiiit, \icc'Wi*a ■CsifeT 
excess of pressure in the reservoir R -wiW \ie ^"ie'iAft-^ ^ **■ 
commencemem of ihe experiment than at tVe e^\4 o^ '"-i"'*''^ 



294 SPECIFIC BEAT. 

a quantity of this gas has been used. There is, however, 
arrangement r by means of which the opening through 
the gas escapes from the reservoir into the appanttos 
be enlarged or contracted at pleasure. A manometer to 
right of r, having one of its limbs op>en to the 
indicates the excess of pressure of the gas in the tube, and 
the screw at r is turned in such a manner that throi 
the whole experinient the excess of pressure denoted by 
manometer is constant, then will the velocity of the 
be constant also. Agitators a\ a'' are attached to the 
of heat and the calorimeter, and it was ascertained by 
nault that the gas in passing through .S* really attained 
temperature (indicated by T) of the fluid (oil) in ^S*. It 
further ascertained that the gas lost none, or extreiiiely 
of its heat in passing between .S* and the calorimeter, 
that in passing through the vessel of the calorimeter, whkk 
was arranged in a spiral form so as to present as much sur- 
fi\cc as possible to the surrounding water, the gas issued with 
a temperature the same as that of the water of the calori- 
meter indicated by the thermometer T\ Finally it was 
ascertained that the pressure of the gas was as nearly as 
possible the same before its entrance into the calorimeter and 
after its exit therefrom. 

To simplify matters we may suppose the pressure of the 
outward air constant throughout the experiment 

In this experiment therefore a known weight of gas 
having a known temperature (that of the bath) was made 
to pass with a constant velocity and at a constant pressure 
through the calorimeter, where it was reduced in tem 
perature to that of the water of the calorimeter. Th< 
specific heat of a gas under constant pressure was thtt 
found. 
298. Results of Regnault's ezperimentB. The fol 
" facts were determined by these experiments :— 
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1. The specific heat of a given weight of a gas which is 
approximately perfect, and which therefore follows the gaseotis 
laws previously indicated (Art. 148), does not vary with the 
temperature of the gas. 

2. The specific heat of a given weight of such a gas does not 
vary with the pressure or density of the gas, and hence the 
specific heat of a given volume of such a gas varies as its 
density, 

3. The specific heats of equal volumes of the simple and incon- 
densible gases are equal, hut this equality does not hold for gases 
easily condensed, such as chlorine and bromine. It holds, how- 
ever, for compound gases which are formed without condensation, 
such as hydrochloric acid and nitric oxide, 

4. These laws do not hold for condensible gases — the specific 
heat of carbonic acid gas, for instance, increases with the tem- 
perature, 

299. The following table is derived from Regnault's 
determinations. 



Specific Heat of Gases and Vapours under Constant Pressure, 



Gas or Vapour. 



Air 

Oxygen 

Nitrogen 

Hydrogen 

Chlorine 

Bromine 

Nitrous oxide 

Nitric oxide 

Carbonic oxide . . . . 

Carbonic acid 

Bisulphide of carbon 

Ammonia 

Marsh gas 

OleBznt gis 

CbJoride ofarseaic. . 



Equal 



Vols. 



0-2375 
0.2405 

0.2368 

0.23.S9 
0.2964 

0.3040 

0-3447 
0.2406 

0.2370 

0-3307 
0.4122 

0.2996 

o-S^11 
0.4160 

0.70^4 



Weights. 



0.217s 
0.2438 
3.4090 
0.1210 
0.0555 
0.2262 
0.2317 
0.2450 
0.2169 
0.1569 
0.5084 

0.2^0 ^o 
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.r \'apou 



Perehlocide of tin 

Snlphumul anhydride . ., 

Hydrochloric acid 

SuCpbiuctled hydrogm . 



Wood qiirit .. .. , 
Flher 

Chloride of ethjl , 
Bromide of ethyl . 
SalphidcDFethjl . 
Cyanide of ethrl - 
Chloroform .'.... 
Dutch liquid 



Ic of phoiphorui. 



Eq 


ual 


Vols. 






0. 


0,8564 




0.84.6 




0-MH 




o-ms 




0.1857 




O.J989 


°- 














0.6096 


0. 


0.7026 




..2466 


















0. 




0. 








0-6395 





ighit. 



,143" •] 

■433+ 1 
.45S0 1 



.4008 I 
4*6. 
.1567 
"93 ' 

,400s 
■3754- ] 
4l»5^ 



IKI[n the first column of this table the common volume jj 
Cat occupied by one kilogramme of air, while in the seco 
column the common weight is one kilogramme. Also i 
specific heat of one kilogramme of liquid water is taken 
as the unit, so that the heat required to raise a kilogramni 
of atmospheric air one degree under constant pressure i 
only 0.Z375 of that required to raise 3 kilogramme of WM 
one degree, 

300, Influence of the state of a substance on i 
speciflo heat. TTie same liody has a higher specific htal i9 
I the liquid than in Ike solid siti/e, while in the gaseous cOTidittM 
f again, its specific heal is /ess than ivhen it is liquid. Thua. i 
instance, the specific heat of water is twice as great as U 
1 of ice, and more than twice as great as that of sleani. 

The Mowing table exhibits the dependence of the sped! 
I beat on the physical slate of vhe s«\isva.nce. 



■ 


Solid. 


Uquid. 


Gaseous. 




0.5040 
0.0833 
0.0562 
0.0541 
0.0314 


loooo 
olioSo 

0.063? 
0.1082 
0.040a 

0-S47S 
0.1352 
0.5*90 


0.480s 
O-055S 




Tin 








°.4^3+ 
0.1569 
0.4707 


BiEalphideorcaibon.. 
Elhcc 



Atomic Heat. 

^ SOl. Atomic heat of simple bodies. In 1819, Dulong 

1 Petit made experiments on ttie specific heat of thirty 

nnentary bodies, and discovered that for equal masses of 

h substance the specific heat is in the inverse proportion 

e atomic weight. Regnault has made a number of ex- 

iments with the view of testing' the accuracy of this law, 

• following results have been chiefly obtained by 

(The atomic weights are those given in Williamson' 

nistry for Students, p. 100.) 

Product of specific tuat 



■Dementi. 


Specific heat of 




equal weight!. 


Ki^r 


0-1776 




(w>474 




o-24y9 




09S5 
0-0567 


^khim 




0-3143 






J^ 


0.1 ogl 




0-1070 








0.056a 




0-0334 




00951 




0,0314 




00319 




00334 



weight. 






6.1 146 

6.1075 
^-3504 
5.8931 
6.3728 
6.3833 

6. a 700 
fi.6316 

6.0389 
6.499^ 
6,3Soo 



^PXtHFJC SiAK 



r 


equal weights. 




Product of fpKifichnl 


ElcmenTs. 


Wright. 


into atomic wrigl-t™ 
itomic heat. 


P«Uadium 




106,5 


6-3 '54 




0.05B0 






Osmium 


0.0306 




6.0894 








6,4015 


Iodine 








Bromine (lolid). , 




So 


6,74+0 


Poiassium 


01596 




6.6.44 


Sodium 






6.74S^ 


Lithium 


















0.OS08 






Bismuth 


0.0308 






Thallium 
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Silver 




loS 




Gold 




,95 


<'-ir,o* 



k 



II appears from this lable that /Ae product of the 
heat by the atomic weight is very nearly the same for all iht. 
elementary bodies. The diffeiences in this product may 1 
accounted for by supposing that the difFerenl elements e 
perimented on were not all in the same physical state, soul 
of these being near their melting-points and others at a 
distance from them. 

It will be observed that neither carbon, boron, 
silicon appears in the above table, although these thn 
substances are well known to be elementary bodies. Unti 
recently it was imagined that those three solid elements \ai 
a very different atomic heat from all the others, cr]-staUised 
silicon giving 4.8, crystallised boron 2.7, and crystalliaefl 
carbon 1.8, But in the winter of 1871-1872 Dr. H. ~ 
Weber on analysing these various determinations arrived I 
the following conclusion : — The different observers havi i 
lermined the specific heals of these elements /or entirely diferm 
intervals of temperature; and the greater the interval ^ 
temperature for which the specific heat is determined, the g 
is their number representing that specific heat. 
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He was thus led to undertake an extensive series of 
experiments from which he has obtained the following 
important results. 

The values of the specific heats of the elements carbon, 
boron, and silicon change with the temperature ; these 
gradually increase with an increase of temperature | 
point is reached at which they are constant. This ] 
s situated at about 6oo°C for carbon and boron, at 
about aoo°C for silicon. The specific heat of carbon at 
5t»^C is about seven times, that of boron about two and a 
balf times, as great as at — 50°C. 

2. The constant final values for the specific heats of 
carbon, boron, and sihcon are in round numbers 0.46, 0.50, 
and o.zog respectively. The products of these numbers, 
multiplied into the atomic weights 13, ri, and 28, are 5.5,: 
5.5, and g.8 — values which are in keeping with the atomic 
heats of the metals and of the other non-metals. 

3. All opaque modifications of carbon (graphite, dense 
and porous) have the same specific heats. From a thermal 
point of view there are, below a red heat, but two allotropic 
modifications of carbon, the opaque and the transparenL 
The specific heats of these two modifications differ t 
siderably at low temperature ; with increasing temperature, 
however, their values are gradually equalised, until at about' 
600° they become the same. 

302. Atomic heat of oompound bodies. Neumann 
and Regnault have determined that t» all compound bodies 
of similar atomic composition Ihe specific heals are inversely 
as Ike atomic weights. The product of the specific heat 
into the atomic weight for one class of compounds may 
however be difi'erent from that for another class of com- 
pounds. Thus Regnault gives the following table for thft 
specific heat of bichlorides. 
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Chloride of Barium (Ba CP) .... 

Strontium (SrCl*) .. 

Calcium (Ca CI*) . . 
„ Magnesium (MgCl*) 

Lead(PbCl«) 

Perchloride of Mercury (HgCl*) 

Chloride of Zinc (Zn Cl») 

Perchloride of Tin (Sn Cl») .... 



Specific 


Atomic 


heat. 


weight. 


0.0896 


208 


0.1199 


158-5 


0.1642 


III 


0.1946 


95 


0.0664 


278 


0.0689 


271 


0.1362 


136 


0.1016 


189 



P-roduct of specific 

heat into atomic 

weight. 

- 

18.64 
19.00 
18.23 
18.49 
18.46 
18.67 
18.52 
19.20 



While for carbonates we have the following table. 



Carbonate of Lime (Ca C O*) .. 
BarytesCBaCC).. 
Strontium (Sr C O*) 
Iron(FeCO»).. .. 



Specific 
heat. 


Atomic 
weight. 


0.2086 
0.1 104 
0.1448 
0.1934 


100 
197 

1475 
116 



Product of specific 
heat into atomic 
weight. 

20.86 

"•75 
21.36 
22.43 



It thus appears that the numbers of each table agree very 
well together, but the numbers of the one table do not agree 
well with those of the other. 



CHAPTER X. 



Latent Heat, 



303. It has been already remarked (Art. 91) that a large 
quantity of heat is required by bodies in order to enable 
them to pass from the solid into the liquid, or from the 
liquid into the gaseous state. This heat which is absorbed 
by bodies during their passage from one state to another, 
does not as a rule manifest itself by producing an increase 
mperature, and it has on this account been called latent 
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heat ; so that we may with much propriety affirm regarding 
water — 

Water at o°C = ice at o°C + latent heat of liquefaction ; 
or regarding steam — 

Steam at ioo°C = water at roo°C + latent heat of vapor- 
isation. 

Latent heat was discovered by Black, and the principles 
of this branch of science were first taught by him in 1762, 

Latent Heat of Liquefaction. 

304. Latent heat of water. Black first attempted t 
measure the latent heat of water in the following manner. 
He suspended in a room of the temperature of 64° Fahr. 
two similar glass vessels, one containing melting ice and 
the other ice-cold water; and he noticed that at the end 
of half an hour the water had attained the temperature of 
40° Fahr., while the ice did not reach this temperature 
until ten hours and a half had elapsed. He argued that 
the quantity of heat absorbed by the vessels was very nearly 
proportional to the time of exposure, and by this means I 
attempted to estimate the amount of heat absorbed by i 
while passing into the state of water. Afterwards Black 
adopted the method of mixtures. The following example 
will illustrate this method of experiment. 

It is found that a kilogramme of water at roo°C mixed 
with a kilogramme of water at o'^C, gives two kilogrammes 
of water at a temperature equal, as nearly as possible, 
50°C, this temperature being the mean of those of the two 
components ; if however a kilogramme of ice at o°C be 
mixed with a kilogramme of water at 100", we have two 
kilogrammes of water at io'',6C only. A correct experi- 
ment of this kind gives us the means of measuring the latent 
heat of water. For we see that wben ec^?\ ■w«.^\s. '\!3*« 
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kilograrame each) of boiling- and ice-cold water are mixed 
together, we have water at ^o^, while when the same weighis . 
of boiling water and melting ice are mixed [ogeiher wc hnvQ 
water at io°.6 only. There is thus a difference in the totd 
heal of the two mixtures equal to that required to raise t 
kilogrammes of water from io°.6 to go°, or through a rai 
of 39°.4 C. Now since the heat of the boiling water was I 
same in each experiment, this difference must i 
represent the heat required to liquefy one kiiogramme of i 
We thus see that it requires as much heat to liquefy i 
kilogramme of ice at q° as it does to raise two kilogranu 
of water through a range of 39''.4C, or one kilogramme 
water through a range of 78".8C, or 78.8 kilogrammea 
water through a range of i"C. 

If we take as our unit of heat the quantity of heat I 
cessary to raise one kilogramme of water through i^C, 
have therefore the latent heat of water represented by yS.f 

305. Many distinguished philosophers have attempu 
since the days of Black to estimate the latent heat of w 
and amongst these we may name Provoataye and DesEUi 
Regnault, and finally Person. The experimental arrani 
ments necessary for the estimation of latent heat are ht 
ever so similar in principle to those required for estimati 
specific heat, tliat it will be unnecessary to give the deta 
of the various experiments — let us rather slate the reaa 
obtained. Provostaye and Desains used melting ice in t] 
experiments, while Regnault employed both snow and md 
ing ice. The united result of these experiments was to giv 
79.35 units of heat as the most probible value of the amoiu 
required to liquefy one kilogramme of ice. 

aoe. The experiments of M. Person are well worthy I 
an attentive study, as affording at the same time evidt 

t the change which takes place when ice becomes v 

p some extent gradual and not quite abrupt. 
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M. Person in his experiments employed ice at a tempera- 
ture inferior to ita melling point. 

In one of these the ice was at — a°C, and it may be de- 
sirable to describe here in a few words how the latent heat 
of liquefaction of ice is to be derived from an experiment 
where the ice used is below its melting-point. When such 
ice is melted we may imagine, for convenience sake, that the 
heat applied has two separate offices to perform. First of 
all, it has to raise the ice from its present temperatur 
melting point; and secondly, it has to liquefy this melting 
ice. It is the quantity of lieat xequisite to perform tbis latter 
office that is generally regarded as a measure of the latent 
heat, while that necessary to perform the former office may 
be estimated by knowing the temperature of the ice used 
and the specific heat of this substance. Thus we have seen , 
(Art. 295) that the specific heat of ice is one-half that of 
water, or 0.5. In the above experiment, therefore, where 
the ice was at — a°C, we might imagine one unit of heat 
necessary to raise the ice from this temperature to o°C; 
while the remainder of the whole beat required to melt the 
ice might be taken to denote the latent heat of liquefaction. 
Now on this supposition Person found that the latent heat 
of liquefaction, as determined by this and similar experi- 
ments, was 80 units instead of 79.25, as found by Regnault 
and others, 

M. Person, in continuing his investigations, was able satis- 
factorily to account for this difference. He found that : 
kilogramme of ice at — z°C requires two units of heat 
instead of one to raise it to o°C ; in fact it would a 
if the ice between — 2°C and o°C had already begun to 
absorb part of the heat of liquefaction, and thus that the 
absorption of latent heat in order lo be complete required a 
certain range of tempeiat 

Presuming this to be the casi; w\l\i \te, xV ^"■^ ■!*. ■awaei 
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be seen that, as far as such observations are concerned, 
latent heat simply resolves itself into an enormous increase 
of specific heat between certain narrow limits of temperature^ 
and that in truth latent heat begins to be absorbed whei 
the specific heat begins to increase ; or, in other words, these 
two terms are only two different ways of expressing one and 
the same action. 

We thus derive firom these experiments of Person a basis 
for the theory of the gradual liquefaction of ice — a theotj 
which we have already seen (Art loi) has been appfied 
with much success by Principal Forbes in order to account 
for the phaenomenon of regelation, 

807. Latent heat of other liquids. M. Person has 
made numerous experiments on the latent heat of other 
liquids besides water, and has obtained the following 
results : — 

Latent heat of one kilogranune 
In thermal units. Waters i. 



Substance. 



Water 

Phosphorus 

Sulphur 

Nitrate of Soda. . .. 
Nitrate of potassa . . 

Tin 

Bismuth 

Lead 

Zinc 

Cadmium 

Silver 

Mercury 



79-25 
5-034 
9368 

62.975 

47.371 
14.252 

1 2.640 

5.369 
28.13 

1366 

21.07 

2.83 



1.000 
0.063 
0.118 
0.794 

0.598 
0.179 

0.159 

0.067 

0-355 
0.172 

0.266 
0-035 



Latent Heat of Vaporisation. 

SOS. Latent heat of steam. Black, the discoverer of 

latent heat, was the first who attempted to estimate the latent 
heat of steam. The subject has since engaged the atten- 
tion of many eminent men, and amongst others of Watt, 
Rum ford, Despretz, Soulhtm, ^nd Cldmeut and Ddsonnes. 
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Finally, Regnault has discussed the subject with great ex- 
attness, 

Tbe object of Regnault's experiments was to determine 
the quantity of heat which must be furnished to one kilo- 
^^^amme of water at o^C, in order to convert it wholly into 
^l&kDrated vapour at a given pressure ; that is to say, how 
^^HpCh heat must be supplied to this kilogramme of water in 
Hraer, first, to raise its temperature from o^C to a certain tem- 
perature without evaporation ; and, secondly, to evaporate it- 
entirely at that temperature and under the pressure which 
corresponds to it. 

The following was the experimental method pursued by 
Regnault. In order to obtain the formation of aqueous 
vapour at a constant high temperature, the same arrangement 
was adopted as that used in making experiments on the 
pressure of aqueous vapour; that is to say, the water was 
made to boil under the pressure of an artificial atmosphere, 
while the vajiour so formed was condu'nsed ia a condenser 
almost as fast as it was furnished. The formation of aqueous 
vapour at a high and constant temperature might thus' be 
obtained (se* Fig. 33). 

To this arrangement in the present experiment a system 
of two calorimeters was added. In this ejtperiment we may 
therefore suppose the calorimeters to be supplied at one 
end with saturated steam of a given constant pressure and 
temperature, which, having passed through the calorimeter, 
ts condensed into water of a known temperature, having in 
the meantime given out a measurable quantity of heat. Sup- 
pose, for example, that a kilosramme of steam at ioo°C in 
passing through a calorimeter filled with water al — i°C 
heated up 637 kilogrs. of water from this temperature to 
o°C, the condensed water of the steam having also the tem- 
perature o°C, then from this experiment Regnault conceived 
himself entitled to suppose that the total tcj.\. t^Va 'w.-c«ia 
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it) of Steam at looX is 637. He conceived that he was 
entitled to infer that if a kilogramme of water at o°C was 
first of all heated without evaporation to iocr°C, and at that 
temperature totally converted into steam, the total quantity of 
heat necessary to do all this would be 637 units. We shall 
see in a subsequent part of this work that this inference is 
quite correct; in the meantime we content ourselves with 
defining what Regnault meant hy the total heat of steam, 
and in stating by what experimental means he imagined he 
had obtained it. 

Regnault also made experiments at low pressures by 
another method. 

The following table embodies the results of all his ex- 
periments :— 

Total Heal of Sleam. ^ 

Temperature of the 
saturated vapour. Total heat. 

o 606.5 

10 609.5 

20 612.6 

30 615.7 

40 618.7 

50 631.7 

60 , 624.8 

70 627.8 

80 630.9 

90 • 633.9 

100 637.0 

no 640.0 

120 643.1 

130 646.1 

140 649.2 

150 652.2 

160 655.3 

170 658.3 

180 601.4 

190 6644 

200 667.5 

210 670.5 

220 673.6 

230 676.6 

The latent heat of steam at any temperature is very easily 



LATENT HEAT. 



307 



derived from the total heat given in this table. Thus it takes 
637 units first to heat a kilogramme of water at 0° to 100° 
and then to evaporate it at that temperature, but it takes 
as nearly as possible 100 units to heat it from 0° to 100°; 
so that 637— 100 = 537 units denote the latent heat of steam 
at ioo°C. 

309. Latent heat of other vapours. Andrews and 
Favre & Silbermann have made numerous experiments on 
this subject. The following table embodies the results de- 
rived by Andrews — the liquid is supposed always to be 
evaporated at the temperature of its boiling-point: — 

Latent Heat of Vapours. 



Substance. 



Latent heat of one kilogramme. 
In thermal units. I Steam = i . 



Water 

Wood spirit 

Alcohol 

Formiate of methyl 

Acetate of methyl 

Formic ether 

Acetic ether 

Ether 

Bisulphide of carbon . . . . 

Oxalic ether 

Terchloride of phosphorus 

Iodide of ethyl 

Iodide of methyl 

Bromine 

Perchloride of tin 



535.9 
263.7 


I.OOO 

492 


202.4 


0.378 


II7.I 


0.219 


II0.2 


0.206 


105.3 


0.196 


92.68 


0.173 


90-45 
86.67 


0.169 
0.162 


72.72 
51.42 
46.87 
46.07 

45-6o 


0.136 

0.096 
0.087 
0.086 
0.085 


30.53 


0.057 



If we compare this table with that of the latent heat of 
liquids, we shall find that in both water stands at the head of 
the list ; that is to say, the latent heat of liquefaction of ice 
is greater than that of any other solid, also the latent heat 
of vaporisation of water is greater than that of any other 
liquid. 
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BOOK III. 

ON THE NATURE OF HEAT, ITS SOURCES, AND il^ 
CONNECTION WITH OTHER PROPERTIES 

OF MATTER. 

CHAPTER I. 
Reinarks on Energy — Historical and Preliminary, 

310. Ideas regarding the nature of Heat have recend 
undergone a great change. Formerly this agent wasrt 
garded as a species of matter, but of the class of the iffl 
ponderables, since no evidence of the weight of Heat coul 
be obtained, inasmuch as a hot body does not weigh moi 
than the same body when cold; but very lately scientif 
opinion has unanimously decided that Heat is not a sped' 
of matter, but a species of motion. Contemporaneoos 
with this change in our conception of Heat, a great genei 
law, which binds together the various kinds of energy, i 
visible and visible, has become known under the title of t 
Conservation of Energy. As this law is intimately connect 
with that conception which regards Heat as a species 
motion, we shall begin this branch of our subject b) 
short account of this great and important principle. 

311. Perpetual motion. Almost from time immemo 
certain curious and perplexing questions in various brand 
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f knowledge have thrust themselves prominenlly forward, 
3 as Rlmost to haunt the human mind. 

In chemistry the famous speculation was ihe possibility 
of transmuting other metals into gold; while in physics it. 
was the possibility of perpetual motion. 

These questions may appear visionary, but they have 
been without an indirect influence upon the progress of 
knowledge, and without doubt an intelligent denial of the 
possibility of perpetual motion leads at once to an exact 
knowledge of the fundamental principles of the science of 
^ergy. 

: shall hereafter see that there are two forms of the 
^ of perpelual motion : one of these may be very easily 
'he use of any machine, it is well known, is to i 
work. We need not here define ' work,' for its meaning ^ 
at once be understood. Now to do some kind of work is 
the object of every machine. But in order to keep a 
chine going it has always been found necessary to perform, 
either continuously or periodically, some operation upon this 
machine. Thus you must yourself keep constantly working 
at a turning -lathe, or a coffee-mill, in order that eilhe 
these machines may do work ; and though a clock may go 
for a long time by itself, yet it has to be wound up periodi- 
cally. When we come to a steam-engine, or even to a 
living being, such as a man or a horse, flie ease is some- 
what different; yet the difference is not very great. Both 
of these have to be fed regularly, the one with fuel and the 
other with food, in order that they may continue to work. 

Now in one form of the idea of perpelual motion it is 
thought possible to construct a machine which can go on 
doing exlernal work without the application of any esternal 
agency, either constant or intermittent. May there not, it is 
said, be some hidden, unknown material agent, that gives u 
this great desideramra? It is the most d\?iit\JA 'ivK*^."''''^ '^ 



world to prove a negative, especially in such a case a 
for our knowledge of the various forcts of matter i 
tremely limited. It is only in the case of a clock or similat 
machine that we can prove the impossibility of perpetual 
motion of this kind ; in other cases we are driven simpi)* 
to deny this possibility. But this denial, intelligently made, 
leads US at once to the principle of the Conservation of 
Energy, which asserts that the amount of energy in a material 
system left to itself is a cojislant quantity, and that the only 
change is from one form of energy to another ; so (hat, 
do what you may, you can only get a definite and limitA 
amount of work out of any machine that is not suppUfl 
with energy in some other fonn. J 

312. Definition of energy. I. Kinetic energy. |^H 
fore proceeding any further let us attach a more defi^H 
idea to the word ' work ' ; and to enable us lo do so we ^^M 
call to our aid the all-pervading force of gravity. agl|^H 
the action of which our efforts are so frequently dire^^H 
Let us agree to consider a kilogramme raised up verti^^| 
one m&tre in vacuo against gravity as representing the ^^M 
formanceof oneunit of work. It is necessary to say in va^^H 
because, for example, if the weigh! be made of wood and^H 
medium be water, it is evident that we perform no worij^H 
lifting the wood one foot higher in the water ; on the oflH 
hand, we should perform -work by causing it lo aink. " SB 
kilogramme raised one foot in vacuo against gravity Is ajj^H 
as unit of work performed. ^H 

Now according Co this standard it is easy to perceive ^^| 
(he kilogramme raised two metres in height will reprcsent'^^l 
performance of two units of work, if raised three nn%msM| 
ferformance of three units, and so on. Further, a wngfAofl 
two kilogrammes raised one mttre will denote two mKfl 
of work done, and a weight, ot Atec bUQ?,rammes Ihis^ OM 
mitre tJiree units, and so on . ^^ taie., \^ >iw wi^aa >A ^"rtlfl 



t m kilogrammes, and if it be raised h mitres against the 
t of gravity, which we may suppose to be the same for 
nts at the earth's surface, then the work done = mh. 
. Let us now study the action of this force of gravity 
roducing velocity ; and in order to do so let us suppose 
i the mfetrc and the second arc our units of space and 
vhile our unit of velocity is represented by a body 
Wving at the rate of one mfetre in a second, and our unit 
X acceleration is the production of unit velocity by a force 
■ one second. Under this convention the force of 
lavity, or g, will be denoted by 9.8, since when a body is 
lowed to fall under the action of gravity for one second, 
i found to have acquired the velocity of 9.8 metres in 
me second. If we consider how far this body has fallen 
e second in order to acquire this velocity, we shall find 
e distance to be 4.9 ra&tres; and if. on the other hand, we 
roject a body upwards with the velocity of 9.8 metres per 
second, it will rise against gravity 4.9 mitres in height. A 
kilogramme projected vertically upwards with the velocity 
Icf 9.8 mfelres per second is therefore capable of doing 4.9 
units of work before it comes to rest. 

Again, it is found that a body, allowed to fall for two 
seconds under the influence of gravity, will have acquired the 
.velocity of 19.6 mfetres in one 'second, and that during this 
time it will have fallen 19.6 mitres. A kilogramme projected 
rvertieally upwards with the initial velocity of 19.6 mitres 
per second, will therefore rise 19.6 m&tres in height, and 
will do 19.G units of work before it comes to rest. 

We thus see that a double velocity enables the body to 
do four times as much work — -in fine, in order to find out 
how much work a body one kilogramme in weight projected 
upwards with the velocity v is capable of doing, we have 
only to ask bow high it will rise. This will be given by 
Ihe following formula : — 
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HeiRht of Ascent or Work Done - — -■ 
" 19.6 

Thus, if the velocity be 9.8, we have by this formula — 



Work = "^ 



19,6 



19.6 as already stated. 



is not 

i velocity 



but if the velocity be 19.6, we have- 
Work.dSf. 

19.6 

814. A litde consideration wiil shew us that i 
necessary for the body to be moving with this 
vertically upwards in order to be capable of doing this 
work; indeed, we have only selected tbe force of gravity 
as one of the most prominent forces againsl which work 
is done ; but the moving body may likewise be made to 
do work againsl a spring, or even by means of a single 
fixed pulley or otherwise it may be made to raise another 
body against gravity. In fact, taking the words ' work clone' 
in their most general sense, as representing space moved 
over against the action of any force, we see that the above 
formula (^) will hold good without reference to the direc- 
tion in which the weight is moving ; and if we consider 
the kilogramme as denoting the unit of mass, we have the 
following general expression for the work capable of b 
done against any force by a body of mass m and velocity » 



the unit of work being always the amount represented 1 
raising one kilogramme one mfetre against terrestrial gravfl 
or the kihgrammelre as this is termed. It ought to 1 
borne in mind that if the force against which ihe work il 
done is much more powerful than gravity, then a comcl 
parativciy small space passed o\eT agaiivw. \.'Qe »t' 
force will denote a large amoant ot -wotY. Twia,\c(t\i 



if the force were constant and ten times as powerful 
gravity, then a ddcimbtre pnssed over against this force 
would be equivalent to a mfetre against gravity. A body, 
such as a kilogramme, moving with a certain velocity may 
therefore be said to have a certain amount of energy * stored 
up in it in virtue of this velocity. This energy is termed 
energy ofmoHon, or kinetic energy (m'wijcrit, motion). 

315. II. Potential energy. Suppose now that this 
kilogramme moves vertically upwards with the initial velocity 
of 9.8 metres per second, it will rise, we have seen, ti 
height of 4.9 mfctres. When this height has been attained 
the velocity is all sjient, and the body may be supposed to 
be for an instant at rest. Its kineiic energy is therefore all 
spent, since it has no velocity ; but this has not been spent 
without some equivalent advantage being attained ; the kinetic 
energy has in fact been spent in acquiring for the body a 
position of advantage with regard to the force of gravity, in 
virtue of which, when it falls to the point of projection, 
will have reacquired the same amount of velocity, and there-' 
fore of kinetic energy, with which it originally started up-- 
vards. When the kilogramme has attained its extreme height 
of 4.9 metres it has therefore eonverled its energy of motion, or 
kineiic energy, into energy of position, or potential energy 
expression first generalised by Rankim),&nA when it has again 
fallen it has recomierled its poteK/ial energy into kineiic energy. 

There is thus as much energy in the kilogramme a 
summit of its flight as at the moment of its discharge, only 
it is of a different kind in the two cases, being in the first 
potential and in the second kinetic energy ; and, further, at 
any intermediate point of its course its energy is partly 
potential and partly kinetic; but the sum of these two 
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kind>. of energy is constant thrcug-hout its range, so that ia 
tiie van-ing motion of the kilogramme there is neither crea- 
Ln.n rnjr (iestniction of energy, but simply a traosmutadon 
froir. I'jne form to another. 

.316. The ca."3e of a pendulum is alm:st precisely similar 
10 that juat mentioned, for when the bob of a pendulum 
L-^ panning iuS l<jwest point its energy is all kinetic ; whDe 
a: iLs highest point the energy is all potential. We may 
pia^ <jn at once from the case we have considered to any 
m.ichir»e, and asst^rt that ihe energy of such a machine"4eft 
to iLif:lf, and neither doing work upon other bodies nor 
having work done upon it, is stricdy constant and limited, 
al" hough it may vary from kinedc to potential, and from 
po:r;rit;al hack again to kinetic, according to the geometric 
laws of the machine. As far as regards the combinations 
of or Unary mechanics this principle was clearly enunciated 
\)\ N'-rnton, and was even to :some extent recoenised bv 
Oalik'O. 

By both these philoaophers a machine was regarded not 
a.-, a means of creatin.: encre^*, but rather of transforming 
ir. from a lesa convenient to a more convenient kind; and 
if "V; r-tudy the mechanical powers, as they are called, ve 
shall find their office to be stricdv this. The truth of this 
will \)f: seen at once from a very simple illustration. If ve 
take .1 lever, one of whose arms is twice as long as the 
other, a two -kilogramme weight at the end of the short 
arm will balance a one-kilogramme weight at the end of the 
long one; but the one-kilogramme must fall two metres 
in r^rd'T that the two-kilogrammes may rise one m^tre. Now 
iu:( ording to die definition of 'work' already given, the work 
sp'iit \\\)<)\\ the long arm by the one-kilogramme weight 
falling will be two units, while that gained by the short arm 
risini; will also be two units. 

'Yhv. ]>ro(luct of the weight into the space moved over 
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against gravity is the same for Ixjth arms; but while the 
space-faclor of this product is the larger one for the long 
arm, the weight-factor is the larger one for the short arm. 

317. FtmctioiiB of a machine. It thus appears that 
i we can do by the lever or the other mechanical powers 

J increase the one factor at the expense of the other— 
I to say, either to gain force by losing space, or to 
■ space by losing force. We may generalize this state- 
) make it applicable to all possible machines, 
Iwe may view these as instruments which when supplied 
1 energy in one form convert it into other forms ac- 
jBng to the law of the machine. 

. Conversion of mechanical energy into hoat. 
lot in ordinary mechanics that the difficulty of re- 
cognising the principle of the conservation of energy is 
found, but rather when visible motion has been transformed 
into molecular motion, or when the opposite transformation 
has taken place. Thus, for instance, when an anvil is 
struck by a hammer, what becomes of the energy of the 
blow ? or when a railway train is stopped by the break, 
ivhac becomes of the energy of the train ? 

318. The true explanation of this difficulty has done 
more than anything else to forward the theorj' of the con- 
servation of energy, and it is only of late years that the 
problem has been completely solved. 

In considering the subject of percussion and friction, 
iwo simultaneous phenomena claim our attention. In the 
first place, the energy of the hammer and of the railway 
train disappear from the immediate cognisance of our senses 
— from that category which embraces visible potential and 
visible kinetic energy. 

In the next place, by repeated strokes of the hammer' 
upon the anvil we have the production of heat, nay even 
of a red heat if the process be condiicled su.ft.CLe'tt&5 \«r^ 
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and be sufficiently rapid ; and in like manner the sioppag*! 
of a railway train produces heat ; indeed we may see sparis * 
flying out from the break- wheel on a dark nigh I. 

For a long time this production of heat was regarded 
as inexplicable, because, heat being looked upon as a species 
of matter, it could not be imagined where all this heat came 
from. The only sort of explanation was, that in the pro- 
cesses of friction and percussion heat might be drawn froni 
neighbouring bodies, or there might be a diminution in 
the thermal capacity of the two bodies acting on each 
other, so that caloric was supposed to be squeezed, or 
rubbed, out of ihem, although it is not easy to see why the | 
same effect should lake place with two such different actions I 
as friction and percussion. Davy, about the end of last . 
century, was one of the first to refute tins explanation by 
a very simple experiment. This consisted in rubbing two ' 
pieces of ice violently together until it was found thai both I 
were nearly melted by friction. The explanation of a 
minution in thermal capacity was evidently inapplicable 3 
this experiment, since water contains more heat than I 
and other experiments performed by Davy combined to stl 
that the heat produced in such cases is not abstracted fi 
neighbouring bodies. The result derived by Davy i 
these experiments was that heal is a species of motioi 
the corpuscules cf bodies. 

About the same time Count Rumford was engt 
boring cannon at the arsenal in Munich, and was sitj 
with the very great amount of heat developed by ) 
operation; the source of this heat appeared to him I 
inexhaustible, and he was therefore led to attribute i 
motion. 

Rumford, moreover, estimated approximately the quaJ 
of beat produced by a Aet\m\e MaowiV of mechAq 
energy, and pointed oal iVav ftve a^wwl^a 



as churning, might form a very good means of determining 
the mechanical equivalent of heat A complete determina-; 
tion of this equivalent was however reserved for Joul^; 
but his experiments will form the subject of another' 
chapter. 

320. Convereiou of heat into mechanical energy. 
The converse problem, or the rationale of the convei 
of heat into mechanical energy, was first undertaken by.' 
Carnot, a French philosopher. He shewed that mechanical! 
effect is only produced by heat when there is a transfer- 
ence of heat from a body of higher to one of lower tem- 
perature. He likened, very ingeniously, the mechanical' 
power of heat to that of water, shewing that just as a body 
of water at the same level can produce no mechanical 
effect, so neither can bodies at the same temperature pro- 
duce any mechanical effect; and just as you must have a 
fall of water from a higher to a lower level in order 
obtain mechanical effect, so likewise you must have a 
of heat from a body of a higher to one of a lower tem- 
perature. Carrot, in his researches, adopted the old or 
materia! theory of heat, and his principle therefore required' 
to be modified so as to suit the dynamical theory. This 
was done nearly simultaneously by Rankine, Clausius, and 
W. Thomson. Further remarks on this subject we must^ 
defer to a future chapter, 

321, ■Various principleB of the soienoe of energy. 
It may be desirable at this stage to distinguish between 
three principles or laws connected with energy. The first 
of these is the principle of the conservation of energy, 
which asserts that energy is as indestructible as mattet 
itself, and as a whole is neither created nor destroyed, btf 
merely changes its form. 

The second problem embraces the laws which regulat 
the change of form, consistently of coutse '^VMtv fce '^«> 
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law of consenation, and consistently also with the third 
law, or that of the dissipation of energy. Grove in this 
countn- and Meyer on the continent have done good senice 
in pointing out how the \-arious forms of energy are cor- 
related, and many of those philosophers who have been 
engaged \*'ith the conser\'ation of energy, such as Joule, 
Helmholtz, Thomson, Rankine, &c., have necessarily ad- 
vanced the subject; nevertheless, the complete laws which 
regulate the transmutation of the various kinds of energy into 
one another are as yet very imperfectly known. Rankine 
especially has given the laws of transmutation of energy in 
the most general form possible. 

The third law, or that of the dissipation of energy, will 
be considered in a future part of this work. 

322. Various forms of energy. Before concluding 
this chapter we will give a list of the various forms of 
energy, and state very briefly some of the more prominent 
transmutations from the one into the other. In the first 
place, all these forms may be divided into two classes : — 

I. Visible Energy, or energy of visible motions and ar- 
rangements. 

II. Molecular Energy. 

In the first of these classes, under the head of visible 
energy we have — 

A. Visible kinetic energy ; that is to say, the energy of 
a body in visible motion. 

B. Potential energy of visible arrangement ; that is to 
say, a body in a position of advantage with regard to the 
force of gravity, the force of a spring, or any other force 
acting thtough visible spaces. A head of water is a very 
good instance of this kind of energy, and every one is 
familiar with the work a head of water is capable of ac- 
complishing. 

In the class of visible energy we may embrace those 






vibrations of bodies which give rise to sound. A body in 
vibration is very similar to an oscillating pendulum, in whi;:h 
case we have already seen (Art. 316) thai ihe energy is 
alternately kinedc and potential. 

In the class of molecular energy we have — 

C. The energy of ekciridiy in- motion. When a current 
of electricity passes along a wire, the wire will be heated to 
some extent, but if it be a very good conductor the healing 
effect will be comparatively small. In such a case we know 
that much more energy has passed through a given length 
of the wire than can be accounted for by the heating effect 
produced. This is the energy of electricity in motion. 

D. The energy of radiant heat and light. This is a species 
of energy which is capable of passing through interplanetary 
space without sensible loss ; it is also capable of passing 
through certain bodies with very little absorption. 

We imagine radiant light and heat to consist of a vi- 
bratory motion of a certain kind of matter. The energ)' 
\ of this matter whose motions cause radiant light is therefore 
I perhaps similar to that of a vibrating body or pendulum ; 
I that is to say, it is alternately potential and kinetic. 
I E, The kinetic energy of absorbed heal. When radiant heat 
I and light are absorbed, or when a body becomes heated by 
any means, we have reason to believe that a great portion 
of the energy of this absorbed heat is transformed into a 
peculiar motion of the molecules of the body, 
I F. Molecular potential energy. Part of the absorbed heal 
I is also spent in producing energy of expansion or separation 
j of the molecules of matter against the force by which they 
are attracted to each other. It is thus spent in producing 
a species of potential energy, molecular attraction being the 
force in this case, just like gravity, or the force ot 11. =,'^\\'wi„ 
in the case of the potential energy of vis\b\e i:uci\:\o-n. T&att 
, are besides other forms of molecular poXeut\a.\ etvw?,-^ - 
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Q. There is also the potential energy caused by electrical 
se/HtmtioN, Thus two separated spheres, one charged with 
positive and the other with negative electricity, attract eadi 
other. A position of advantage is thus obtained with respect 
to the force of electricity analogous to that which is ob* 
tainod with respect to the force of gravity when a stone is 
separated from the earth. 

H. There is also t/ie potential energy caused by chemicd 
sepitnjtioN. In the expansion produced by heat we have, 
chiotly one molecule separated from another of the same 
body ; but in chemical separation we have one element of a 
compiiund body separated from the other, and in J;his sepa* 
ration we have obtained a position of advantage with respect 
to that very powerful force known as chemical affinity. 

It is not of course pretended that there may not prow 
Xo bo some kind of energy which is not embraced in this 
list, or that no two of these varieties here given are reducible 
intv> one. The list is simply one of convenience. 

32a. Now with regard to these various forms of eneiig}", 
the principle of the conservation of energy asserts that for 
a bvuly loft to itsolf, or for the entire material universe, ve 
must have — 

A + B rCfD-f- &c. - a constant quantity ; 

on the other hand, the various terms of the left-hand member 
of this equation must be considered as variable quantities, 
subjoct however to the above limitation, but capable of being 
transmutod into one another according to certain laws. 

«324. Laws of traiismutations of energy. The fol- 
lowing: are amongst the most important cases of transmuta- 
tion of those energies into one another :-^ 

A, or visible kinetic energy, is transmuted into B, or the 
potential energy of visible motion, when a weight is pro- 
Vcreil upwards above the earth ; into C, or eiectricity in 
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fmolion (ultimately into lieat), when a revolving conductor 
is brought between the poles of a powerful magnel. 

As far as we know at present, A is not directly trana- 
( muted into D, or radiant light and heat ; it is transmuted 
[ into E and F, which embrace the energy, both kinetic 
and potential, of absorbed heat, "when friction stops a body 
in motion and the body becomes heated in consequence ; 
into G, or the potential energy of electrical separation, in 
ihe machine which produces frictional electricity. The elec- 
Irical separation produced mates it harder .to drive the 
machine. A is possibly not converted directly into H, or 
chemical separation, 

B, or the potential energy of visible motion, is generally 
convened first into A, or visible kinetic energy, and through 
it into other forms of energy, ll is converted into A when 
a stone is rolled down a mountain, or when a head of water 
is made to drive a mill-wheel. 

C, or the energy of electricity in morion, is converted 
'into A, or visible kinetic energy, when two wires con- 
veying electrical currents in the same direction attract each 
Other ; a certain amount of the strength of the two currents 
is thus spent in producing tlie kinetic energy of the visible 

I motion as ihey approach each other ; into E and P, or 
\ absorbed heat, when an electric current passes through a 
I body which presents any resistance to its passage ; into H, 

or chemical separation, When a current of electricity is made 

to decompose a body. 

D, or the energy .of radiant light and heal, is converted 
into E and F, or absorbed heat, when radiant heat is ab- 

1 sorbed by a body ; into H, or chemical separation, when 

a ray of sunlight decomposes chloride of silver. 

E and P, or the energy (kineric and poten\.\a.V) qI 7&ftra?QSi^ 

heat, is converted into A and B, or l\\e einevg^ iy\T\.e£\.c -axA 
jiotential) of visible motion, in the case o^ au^ \ve'a.'i.-eme-^«i' 



into C, or ibe energy of electricity in inotion, in ihermo- 
electric currents (Art, 163); into D, or radiant light and 
heat, when a hot body radiates, which it always does : 
G, or electrical separation, when tourmalines and tilher 
crystals are heated (Art. 367); into H, or chemical se- 
paration, when a body is decomposed by heat. 

G, or electrical separation, is transformed into A, or liw 
kinetic energy of visible motion, when two bodies opposiiel; 
electrified approach each other; into C, or the energy of 
electricity in motion, when they are connected together bf 
a wire or when a spark passes. 

H, or the potential energy of chemical separation, is lian^ 
TOuted into C, or ihe energy of electricity in motion, wbrtT' 
a voltaic battery of zinc and .copper-plates is in action; into 
E and P, or heat, when a body burns in air, or generallf 
when chemical combination takes place; into G, or elec- 
trical separation, when two dissimilar melals are brought tnU 
contact. 

325. These are some of the chief instances of transmit 
talion of energy. In the remainder of this work we shal 
confine our attention to those transmutations in which the 
energy of heat embraced under the heads D, E and F if 
converted into other forms of energy, or in which othu 
Jbrms of energy are convened into heat. 
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CHAPTER II. 

Helalion helwcm Heal and Mechanical Effect. 

First Law of Therm o-Dvnamics. 
326. Allusion has already been, made to the experimenls 
of Davy, in which ice was melted by the friction against 
each other of two pieces of this substance ; and also to 
those of Rumford, in which the friction of boring cannon 
was found to produce great heat, sufficient even to cause 
a considerable quantity of water to boil. The opinions of 
these philosophers were also quoted, in bql^ of which it 
was distinctly slated that in friction motion is converted 
into heat. Motion is, in fact, annihilated as visible motion, 
while at ihe same instant heat is created. Visible motion 
is likewise converted into heat in certain cases of deforma- 
tion, in compression, In percussion, and also in a vibrating 
body, in which the energy of vibration is ultimately con- 
verted into heat ; but this transmutation can best be studied 
in the case of friction. 

If, therefore, by means of friction, percussion, &c., there 
is a transmutation of mechanical energy into heat, it becomes 
an esperimental question of great importance to ascertain 
how much mechanical energy is required to produce one 
unit of heat ; or in other words, what is the relation between 
the unit of mechanical energy and the unit of heat ; the latter 
unit being chosen as the amount of heat necessary to raise 
I one kilogramme of water from o°C to iX. We have, in 
I fact, to Inquire how far a kilogramme of water must fa!! 
' under the influence of gravity in order to ac(\uue nvec\vj.tv\fii. 

(energy by the faU which, when emiiely coiweT:\£i \w5,o Ve'a.\-x 
wm raise its temperature i°C. 
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327. Joule's experimenta. 1, Fluid friction. 

experimental question has lately been answered by Joola 
His experiments began in 1843 and were continued unlii 
1849. During this time he had learned to perfect his ap- 
paratus and to eliminate the variotis sources of error in such 
a manner that the results of different processes coincided in 
giving almost identical values for the mechanical equivalent 
of heat. 




His experiments on ihe friction of flmds were conducted 
in the following manner. A known weight is attached to 
a pulley as in Fig. 72, the axle of this pulley resting upon 
friction rollers at_/"; a string passing over the pulley t» 
also wrapped rouad the roller r, so that by descent of tbe 
weight a rapid motion round a vertical axis is communicated 
to this roller. 

This roller communica.t.es \va TOo\.\oft 10 a system of 
placed in a fluid wYntfti Kis vW^ya-s. B. K-^tswA 
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r lajra MECHANICAL EFFECT. 325 

section of one of these paddles is given in the figure. 
Tliere are eight sets of ihese revolving between four sta- 
tionary vanes, which thus prevent the liquid from being 
whirled in the direction of rotation. The mechanical energy 
employed in producing the rotation was measured by the 
descent of a known weight through a known distance, and 
by undoing a small peg p the weight could be wound up 
again without moving the paddles in £. Great care was 
taken to correct for the amount of energy expended in 
friction of the axles of the pulleys employed. In this ex- 
periment it is evident that the mechanical energy of the 
weight is expended in fluid friction in the bos B, and by 
this means is ultimately converted into heat. A delicate 
thermometer at / gives the temperature with great exact- 
ness, and, the usual precautions being taken to eliminate 
the effects of radiation and conduction, it is evident that 
the amount of healing effect may be accurately measured, 
and by knowing the thermal capacity of the box and its con- 
tents this may ultimately be expressed in terms of the unit of 
heat. Joule also made experiments on the friction of iron. 
In these a disk of cast-iron was made to rotate against 
another disk of cast-iron pressed against it ; the whole being 
immersed in a cast-iron vessel filled with mercury. By aJI 
these experiments it was found that the quantity of heat 
produced by the friction of bodies, whether solid or liquid, 
is always proportional to the quantity of work expended, 
and that the number of units of work in kilogrammfetres 
necessary to raise by ("C the temperature of one kilogramme 
of water taken at about io°C was as follows : — 

4J3.9 from frietioN of wjtet mean of 40 cuperimenls. 
414.6 „ mercury „ 50 „ 

415.1 „ cist-iron „ 10 

328. n. Magneto-eleotrioity. OlhcT TOeOnciia "«« 
seed by Joule; one of these took advantage o^ tn'i^'ae% 
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electricity, and was essentially the same experiment 
was afterwards put in the following form by Foucaull. 

If a metallic disk or top in rapid rotation be broi 
between the poles of a powerful electro -magnet, indi 
currents will be generated in the top in consequence 
rotation in presence of the magnet, the tendency of which 
will be to bring the top to rest. The effect is esceedingly 
curious, and if it be asked what becomes of the energy of 
the rotation, the answer is that it is converted in the 
first place into electricity in motion, but uUimately into 
heat, and that in consequence the temperature of the disk 
will be found to have increased. If the disk be turned 
by hand the effect is very strange; it is found almost im- 
possible to raove it while the electro-magnet is in its neigh- 
bourhood, but when the current is broken it is of course 
exceedingly easy to do so. At the expense of much labouf 
the disk, so revolving between the poles of the magnet, raaj 
be heated until it is too hot to be touched. 

Joule's final results coincided in giving 424 kilogrammStres 
as the mechanical equivalent of the heat necessary 
one kilogramme of water (weighed in vacuo and having 
temperature of about io°C} through i°C. Strictly speaki 
this determination is for the value of gravity at Manchi 
and for the specific heat which water has between 8°C and 
io"C. 

328, in. Condensation of gases. Before leaving diis 
subject it will be desirable to consider the method of deriving 
the mechanical equivalent of heat from the condensation 
of gases. Many familiar experiments shew that when a gu 
is suddenly compressed there is a production of heat, 
.-that when suddenly expanded there is an absorption of 1 

S^guin and Mayer had already suggested the use 
gases and vapours for ihe ■pvit\»ofie o^ AcMKt&wiing the 
cianical equivalent oi beal", a^ii ^w, 'CnR ^vfes-Miae 



\>y Mayer, was no doubt very good for such 3. purpose J 
nevertheless, the sug^gesllons of these philosophers do noE 
seem to have been accorapanied with a clear appreciation 
of ill the data necessary to a complete proof, 

330. Joule, however, in his experiments supplied whaC 
was wanting in order to derive a good determination of the 
mechanical equivalent of heat from the known gaseous laws. 
By compresising air forcibly into a receiver surrounded b^ 
water he found that the water was considerably heated* 
It is not, however, correct to infer without further ei 
meni; that the amount of heat produced in this case is the 
exact equivalent of the energy expended in compressing 
the air. A familiar instance will make this clear. By ; 
blow of a hammer upon a small quantity of folminating 
mercury it is exploded and produces a considerable amount 
of heated gas, but we are not at liberty to suppose that all 
the heal thus developed is merely the mechanical equivaletit 
of the energy of the blow, as will be evident by supposing 
such an extreme case as a ton of the fulminating powder 

Evidently the substance is in different molecular condi- 
tions at the end of the experiment and at the beginning, 
and it may be supposed with much truth that the heat 
produced is nearly all due to the conversion into a kinetic 
form of a certain potential energy present in the compound. 
Now in the experiment above described, in which air is 
compressed, the air is evidently in a different molecular con- 
dition after compression, for the particles are much nearer 
together. The first thing therefore is to determine how 
much, if any, of the heat produced may be due to thig 
change of the molecular condition of the air, and how much 
to the work expended in compressing the air. 

331. The following very ingenious esperimetH. ^■Kowaft& 
by Joule is conclusive in shewing thai l^ve Yciwe ctaa.-w?,fc 

cf {Usance of ihe moJecules oF a peima.uctA %as ^wSnes 
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produces nor absorbs heat to an appreciable extent. In Yig- 
73 we have Iwo strong vessels, of which A contains coni' 
pressed air, say under the pressure of 20 atmospheres ; jB, 
on the other hand, is a vacuum. The two vessels are con- 
necleiJ wiih each other by a tube having a stop-cock wHch 
we may suppose to be shut. The whole apparatus is plunged 
into a vessel of water. After the temperature of the waiter 
has been very accurately ascertained, open the stop-cock, and 
thus allow lioih vessels to have the same pressure. 



I When the experiment I'i fin she! it will be found lh.-U 
there s no change in the temperature of the water. Tlic 
prevalent idea is that when air expands it becomes colder. 
and that when condensed it becomes heller but joule b)' 
this experiment his shewn that no appreciable change of 
I temperature occurs when air is alloned to expand in such a 

1 manner as not to developc mechanical power It ToIIows as 

^^Kta inference that when att \i coTO^^K^ied the rise of tero- 
^^HfiMure is scarcely at alV d«e lo iXie TOCTt «\mTOMfi«rti«& 
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distance between the particles, but almost entirely to tlie 
mechanical effect which must be spent on the air before this 
condensation can be produced. 

332. Speoifio heat of gas of constaat volume. In 
a previous part of this work a distinction was made between 
ihe specific beat of a gas of constant volume and that of 
the same gas of constant pressure, and the determinations 
therein exhibited were those of R^gnault. 

His determinations give tbe specific beat of various gases 
under constant pressure; tbaC is to say, when the gas re- 
mains at the same pressure during the various temperatures 
to which it is exposed. 

Experimentally it would be very difficult to find the specific 
heat of a gas of constant volume ; nevertheless, the one 
specific heat can be obtained from the other without trouble 
by means of the knowledge derived from' the experiments of 

Thus let us consider a rectangular prismatic vessel one 
square mfetre in section (Fig. 74), and suppose that we have 
a cubic metre of air under the ordinary 
pressure of 760 milJinietres of mercury re- 
duced to o°C contained in it, the tempe- 
rature of the air being also o^C. The whole 
pressure on the surface a a, which shuts in 
ibis air, may easily be found ; it will in fact 
be that of a column'of mercury whose base 
is one square metre and whose height is 
0,760 mfetres. Now the spei;ific gravity of 
mercury at o°C is 13.596 (Art, 73), that is f 'e- 74- 

to say, a cubic d&imfelre (or .001 of a cubic mfetre) of mer- 
cury at oX will weigh 13.51)6 kilbgrammes, and hence the 
above column of mercury will weigh t6ox\^-=i'j^ = ^o^ia 
kilogrammes nearly. We may suppose, !oT tnc s'sJ&.e tA ^«fi 
pJiciij', that there is no atmosphere above tWia 
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is kept down by a veritable weight of 10333 kilogrammes 1 
above it. The weight of this cubic metre of air will at oT j 
be (Art, 145) 1.2932 kilogrammes nearly, and if it be raised 
in temperature through an interval of 2 72"C its volume under ' 
the same pressure will be exactly doubled ; that is to say, it 
will have raised the weight 10333 kilogrammes one mfeiro 
high and done work represented by 10333 Iiilogrammetres, 

Now according to Regnault's determination, Art. 299, iho 
specific heat of air is 0.237; that is to say, it will only 
require 0,237 °^ ^^^ amount of heat necessary to raise 3 
kilogramme of water one degfee in temperature, in order 
to raise a kilogramme of a.ir under constant pressure one 
degree in temperature. 

Hence the amount of heat necessary to raise this air from 
o°C to 272°C under constant pressure will be — 

1.2932x0.237x272 -=83.365 heat units. 

In this expression the first factor refers to the weight of tlie 
air, the second to its specific heat, and the third to itf 
increase of temperature. But in the course of this increase 
of temperature work equal to 10333 mechanical units. Of 
(Art. 328) -°-M3 „ j^^^y ijgat units^ ^^^^ been done. 

Hence, of all the heat expended upon this air, or 83.365 
units, 24.37 units have been spent in work. Hence also 
83'365 — 24'37 or 58,995 units denote the amount of heal 
consumed in the mere heating of the particles. 

But, according to Joule's experiment, if the air had 
tliroughout been confined to one cubic mfitre, and afterwards 
made to occupy two cubic metres without doing any woii« J 
the whole heat of the panicles would be the same in t 
second case as in the first. But we have seen that the men 
heat consumed in heating the 9a.tt\c\es QtCM'jYing the P 
cubic ra&tres is 58.995 units -, \vcnte 'Wv^ ^Jsa -wa. w 
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K heal required to raise the air remaining at the constant 
mme of one cubic mfetre through 2 72°C. It thus apfieare 
S if 83. '365 be used to represent the specific heat of thift 
Bunder constant pressure, 58.995 will represent its specific 
t of constant volume, 
ccording, therefore, to our usual method of measuring 

:hea., o.,3;x|?*!-=- 

t of air, ihe volume of which remains constant duringr 



Second Law of Thebmo-Dynahics. 

. Beversible engines. Having now described at 
; length the first law of thermo-dynamics and the 
mental proofs of the same, let us proceed lo consider 
B second law, which relates to the conversion of heat intO) 

The following proof of this law is deduced from tbaC 
Ben by Professor Sir W. Thomson. 

I establishing this very important principle recourse is 
[ to a conception of Camot, to whom this branch 6E 
i much indebted, although his idea of the natur* 
leat was erroneous. 

s conception is that of an engine completely reversible 
ts piiysical and mechanical agencies. Such an engine 
be supposed to have a source of heat and also a re- 
erator, the temperature of the first being of course higher 
a that of the second, and it produces work while it trans* 
heat from the source to the refrigerator. If worked 
forwards, such an engine will produce a certain amount of 
work from a certain amount of heat which leaves thi 
but if worked backwards, owing to its perfect reversibility, 
it will, at the expense of a similar amount of work, brioffl 
back the same amount of heat into the soicce. 
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334. Now it may easily be shewn that a perfectly re- 
versible engine will produce as much mechanical effect as 
can be producet! by any heat engine, with the same tempe- 
ratures of source and refrigerator, from a given quaniit>- of 
heat. For let there be two beat engines A and £, of which 
5 is a reversible engine, both working between the same 
temperatures, and if possible let A derive more work from a 
given quantity of heat than B. Now if A be worked for- 
wards, a quantity of work Wis produced by it, during the 
conveyance of a quantity of beat Q from the source of heaL 

If 5 were worked fonvards, a quantity of work w (less 
than ((■' by hypothesis) would be derived from the same J 
quantity of heat Q ; but since B is completely reversible tfl 
worked backwards it would restorte to the source c 
a quantity of heat Q by the expenditure of a certain amoi^f 
of work 71! (less than K"). 

Thus we have— 

A working forwards and producing an amount of work I 
by carrying heat = Q from the source. 

B working backwards and spending an amount of wotkB 
(leas than IV) in order to carry heat = Q to the sour 
heat. 

But, since the work produced by A is greater thai 
spent hy£, A may be made to work £, and hence the wh< 
arrangement becomes self-acting; while, on the whole, thef 
source neither gains nor loses heat, and work equal to W~ 
is produced during each double cycle of operations. NowJ 
as far as this problem is concerned, we may suppose all tht 
bodies surrounding the source (with the exception of 1 
refrigerator) to be of the same temperature as the sotir 
and therefore, if the hypothesis with which we staned i 
correct, we may go on continually producing work by d 
mere presence of a refrigerator, or \»Qd>j of \atntc laapi 
tare; while, at the same Ume, no \\ea. \^ cnwejjt&Si 



bodies of higher temperature which ace supposed to sur 
round this refrigerator. 

Since however, consistently with the 
energy, heat must disappear as heat in order to produce 
this work, we see that this hea.t must in this supposed case 
really come from the body of low temperature ; that ia to 
say, work is produced by abstracting heat from a body of 
already low temperature. A little reflection will shew that 
such a process might be carried on for ever, and would 
result in a perpetual motion ; but since wc cannot admit 
the possibility of such a case, we are forced to conclude that 
our hypothesis is erroneous. 

But our hypothesis was, that of two engines A and B, { 
which tlie latter is reversible, working between the samtf 
sonrce and refrigerator, A could produce more work than 
B out of the same quantity of beat. We are thus driven ti 
the conclusion that under similar circumstances B produces 
as much work as A ; and therefore that the test of ir 
work under given circumstances is rncrsibilily. 

335. Reveraible engmea of infinitely small range. 
In the next place let us take a mass of any substance (for 
the sake of simplicity we may suppose it to be fluid), ; 
let each unit of its surface be subjected to the uniform pres- 
sure p,. also let its volume be i' while its temperature is 

Let us imagine this substance to form our heat engine ; 
that is to say, let us imagine certain operations at different 
temperatures to be performed on this substance whose result 
IS that heat is transmuted into work. 

And here it is well to observe that we need not troubl^' 
ourselves about the practicability of making such an engine;: 
all that we need care about is that our conception is pre^ 
cise and mechanically conceivable. 

t us reckon pressures and volunves bAovi?, \: 
c an^/es to oWe another as m YVg. 1^, «tv4. Nw 



suppose our substance to have a volume v denoted 1 
og, its pressure p being represented by ag. Now, t 
first place, let it expand from volume » to v+dv, \ 
temperature being kept constantly /; at the end of t 
expansion its volume may be supposed to be oi and fi 
pressure ib, necessarily less than ga; let it now, secOiM^ 
be allowed to expand further, without either emitting or a^ 
sorbing heat, till its temperature goes down through an \ 
ceedingfy small range to l—-r, (t being very small) ; 
now be taken lo denote the place of the substance m I 
scale of pressures and volumes; llnrdly, let it be 
pressed at the constant temperature /— t (differing infinitel 
little from /), so much Uut 
when, fourthly, the volttm 
is further diminished to X 
original volume v without t 
substance being allowed d 
lo emit or absorb heat, il 
tempcraiure may be /, 
336. Here, then, wc 
k first of all two espan^ 
and next two similar coi 
pressions bringing back t 
body to its original state, j 
the reverse of the first espansioi) 
the reverse' of the secoii4 



Volumes, 
Fig. 75- 



the first compression 

while the second compression 

expansion, and all are supposed lo be extremely small. 

Evidently, therefore, the line which denotes the first co 
pression will be parallel, but opposite in direction to t] 
which denotes the first expansion, and the same will hold 
the other two lines ; so that, provided all the movemenis 
BUfliciently small, the four positions of the body will be 1 
iaai corners of a parallelogram ahcd. Now the work do 
by the body during the es.pans\on \ieVNe«."£\. a wiik \gft 



^H'fte mean pressure on unit of surface multiplied by ibe 
^^■nme passed over) will be denoted hy the area a&r'g, also 
^Hd done by the body between 6 and c will be denoted by 
^^■t area ic/ii. Hence the whole work done by /he body be- 
^^Ben a and c will be denoted by the area abckg. 
^^Hn like manner the v.-oik. performed kgxkst the body during 
^^K compression between c and d will be the area cdhk, and 
^^H done against the body by the fuKher compression be- 
^^Bim d and a will be the area dhga. Hence the whole 
^^H ekgad will denote the whole work done against tki 

^^BIow the difference between the area abckg, or the 
^^Kie by the body, and the area ckgad, or the work dona 
^^Btnst the body, is the parallelogram abed. 
^^^Hence this parallelogram denotes the whole surplus work, 
^^Hr Br ths body in its cycle of operations. 
^^BS7. In the next place, the whole heat abstracted from, 
^^K'.Source of higher temperature / is that required to heat 
^^■-body as it increases in volume from v to v + dv, this' 
H^^i:ation being performed at the temperature /, while, on 
^■1he other hand, when the body is finally restored to thiy 
temperature i it has only the volume v. 

Heat corresponding to the volume v + dv is therefore taken 
from source /, while heat corresponding to the volume » 
is restored to this source. 

Hence the whole heat abstracted from source / is that 
required to increase the volume of the body at the constant 
temperature / from v to v + dv. 
This may be called Aldv. 
338, Let us now suppose the cycle of operations to be 
reversed, or the engine to be worked backwards starting 
from r and from the lower temperature i—r. 

First, let the body contract in volutiie without giving 
receiving heal until it becomes of the temperatu 
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Xix/, let it be further contracted at the constant tempera- 
lure / through the volume dr. 

T/:irdh\ let it expand without giving or receiving heat liil 
it falls to the lemperature / — t. And 

Four:/:lVy let it expand at the constant temperature /-»• 
ihroui^h the volume dv. 

It will be seen that in this cycle the body goes from c lo i 
and from h lo a having icork done upon /'// while it goes from 
if to (/ and from «/ to c having work done by /'/. 

The "w. rk dofti ipox // is represented therefore by the 
larger area ij!'rki,\ and Mtz/ done by // by the smaller area 
(ki^^iid] and on the whole there is a surplus of work dm 
I PON fki /. ./V denoted by the parallelogram adcd. At the 
same time it will be noticed that in the second operation, 
where the body is contracted from v-\-dv to v (going from- 
'' lo ii) at tlie temperature /, there is a surplus supply of heai 
brought 10 the source equal to J/dv. 

339. Thus when this engine was worked in a direct 
manner wo hail u\rk /rt >(///( c*/ equal to the area adcd, while 
heat was lirauN /'r-.m ihc s.Htrcc equal to Mdv. Now when 
the engine is reversed we have work spent equal to the same 
area Kiicd \ while heat is brought to the source equal as before 
to Md:\ A body acted upon in this manner forms there- 
fore a reversible engine, and we are entitled to apply to 
ii the reasoning of Art. 334, and to conclude that whatever 
l>e the substance employed between the limits of temperature 
/ and /— r if the heat drawn from the source or Afdv remain 
constant, the work done, or the area abcd^ will also remain 
constant; in other words, for the same temperature-limits 

the ratio between M dv and the area abcdy or 



— .» 



area abed 

is constant, whatever be the substance used. 
340. The area abed is easily found thus : — 
"iduce cd io cut ag in e. Now area abcd^ area ab/e^ 



since ihey are on. the same base and between the sanift 
parallels, but area ai/e = tie x perpendicular distance betweea 
e 3S\&bf^aexgi- ^f:nct 3.rs3. abed- aexgi. 
Now if the operation denoted by the body going froi». 
to (/, namely the contraction of volume at the fixed tem-i 
perature i—r, be continued until tbe original volume v ia 
'Cached, that is, up to the line ag which limits this volume, 
■We should be brought to the point e ; eg would thus denote 
e pressure of the body at temperature i—r and at voluma 
; while ag is the pressure at the same volume, but at tem<. 
\ . perature /. 

Hence at denotes the change of pressure of the body at 
I constant volume v while the temperature falls from / to 
. If we consider the pressure to be a function of the' 

temperature /, ae will thus be represented by -^-r; that is t 

', by the differential coeflicient of this function multiplied' 
I by the small temperature-change t. Again, gi is evidentljt 
I the change of volume or dv. Hence— 



311. .Carnot's function. Hence also— 
31 dv ,. ,_ Mdv J 



area abed dp dj 

di'"'^ dl^ 



I .is constant for the same temperature / and range r whatever 
T>e the substance used, but if m gomg from one substance to" 
Mother we altta)s adhere to the same value of t, or keep 
the fall of temperature the same, it will thus become 
constant multiplier, and we maj therefore dispense with it 
1/ 
and assert that ^ is constant for the same temperature 
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M 
whatever be the substance used. In other words, -^ = ^(^; 

dt 

that is to say, it is a function of the temperature only, and 
does not \2J\ with the nature of the substance. 

This very important conmion property of all bodies was 
first discovered bv Camot. 

342. Probable form of this ftmctlon. Since there- 
fore this function is the same for all substances, in order 
to determine its form let us take some one body whose 
laws are best known. Let us, for instance, take a perfect 
gas, and consider in the first place the relations which 
subsist between the temperature and pressure of such a gas 
whose volume is z\. This is very easily found, for if/' 
denote the pressure of this gas at o^^C, its pressure at Z*' will 
be /^( I -ha/). (Art. 63.) 

Now we have reason to conclude from the experiment of 
Joule (Art. 331) that the molecular heat of the particles of a 
perfect gas whose temperature is constant is independent of 
the volume of this gas, being the same for a great volume 
as for a small one. The heat absorbed when such a gas 
expands at a constant temperature is therefore the exact 
equivalent of the work done in expansion. 

Hence the mechanical equivalent of Mdv, that is to say 
of the heat absorbed while the gas increases in volume at 
the constant temperature / from v io v + dv, will be denoted 
by the work done, that is, by pdv ox P (i^-at) do. 

Hence if we use J to denote the multiplier by which our 
heat-unit must be multiplied in order to produce the me- 
chanical equivalent (that is to say, y= 424 (Art. 328)), we 
shall have — 

JMdv = P{i+at)dv; .-. M^?^^^. 
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AND MECHAmcAL EFFECT. 



■£ J) =^ P (i + a/), vie h3.\e J- ^- Pa ; and hence 



M_ /'(r-l-a/) i + q; 

dp = ' jpa '^r- 



343, This therefore is most probably the true value of 
the function c^ {/), and the expression may be rendered yet 
simpler by the following assumption. 

Instead of considering o^C as our zero of temperature, 
let us, while adhering to centigrade degrees take a different 
■0 to start from. Let this zero be such that our new 
irature shall be proportional to (i + o/), so that if the 
of this proportion be some number m we shall have 
New temperature = m (i + n/). 
'C we shall have ne-w temperature or T^^m; 
andati^C „ „ 2;+r = m(i+Q). 

)tracting the upper expression from the lower, and 
,00367 (Art. 64), we find — 

am; :. w = - — = 2 Jz nearly. 

a ,00367 ^ 

Hence at o''C T^= ■il'i', according to our new notation, 

and generally — 

New temp. = -{i\afC)= - + /'C or /°C = new temp. — i. 

Making this substitution in (i), we have— 

M '+-Htemp.-^) ^^^^^^ 

rr > = J ' ^'* 

844. Perfect engines of great range. We have 
hitherto confined our observations to a perfect engine work- 
ing through an infinitely small temperature-range ; let ii& 
now attempt to find how much work \vil\ be ■^loiucfti SsQ\a 
St given quantity of heat by an engine woifev^ \i«ic«e.e^ 
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source of temperature Ts and a refrigerator of temperature 
7^, according to the new scale of temperature just men- 
tioned. In discussing this problem let us (adopting the words 
of Professor Sir W. Thomson) suppose the great engme 
to consist of or to be broken up into an infinite number of 
perfect engines, each working within an infinitely small range 
of temperature and arranged in a series of which the source 
of the first is the given source, the refrigerator of the last 
the given refrigerator; while the refrigerator of each inter- 
mediate engine is the source of that which follows it in the 
series. In order to make this reasoning perfectly clear we 
may follow out the analogy suggested by Carnot, in which 
he compares the mechanical energy derived by carrying heat 
from a body of a higher to one of a lower temperature to the 
mechanical energy of water falling from a higher to a lower 
level. The imaginary breaking up of the great engine into 
an infinite number of small engines is thus analogous to the 
breaking up a great waterfall into a vast number of very 
small stages. But we must not pursue the analogy too far. 

Now each of these small engines will in any time emit less 
heat to its refrigerator than is supplied to it from its source 
by the amount which represents the mechanical work which 
it produces. Now let q denote the quantity of heat which 
such an intermediate engine discharges into its refrigerator 
in any time ; while q + dq denotes the quantity which it draws 
from its source in the same time; also let / and /+<// denote 
the temperatures (on the new scale) of the refrigerator and 
source of this intermediate engine. 

345. Denoting as before by /the mechanical equivalent 
of unit of heat, then the work done by this small inter- 
mediate engine in the given time will be equal to 

But since dt replaces t of Art. 335 — that is to say, since 
it denotes the difference of temperature between the source 
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and refrigerator of our small engine — we shall have the 
following proportion : — 

Work done : heat drawn from source ax q w -jdtdv: Mdv. 
Hence — 

Work done= 1^ X Idl = gJ-^{hn. 3«)- (4) 

Now since (3) and (4) are both different expressions for 
the work done, we may equate them together. Hence we 

Jdq^Jq --; and hence -'- = -■ (5) 

Let us now, in Fig. 7^, represent the temperatures (/) (new 
scale) of the various intermediate engines by lines of abscissie 
starting from the origin 0; while we raise ordinates to 
denote the who!e quantity 
of heat (?) that has passed 
during the time under 
consideration through an 
intermediate engine of 
temperature / denoted by 
the corresponding ab- 
scissa; and let us join 
the extremities of these 
ordinates so as to form 
a line. It is very easy to 
shew that this line will 
be a straight line. For ea = q and ec = dq, also Oa = l,ab^ dl. 
Now if Oed be a straight line, we have — 

ec-.ea :: ed : eO::ab\ aO\ 
that is to say — 

do : q •.: di : I; or -^ = — ■ 

The condition (5) is therefore fulfilled by a straight line of 
this description ; and indeed we may arrive at the same 
result by a direct integration of (5), 




Fig. ?6. 
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346. Work done by perfect engines. Having thus 
determined that the line Oed is a straight line, the work done 
by the great engine can be very easily found; for let Ts and 
y^ be the temperatures (new scale) of the source and re- 
frigerator of this great engine, while Qs is the quantity of heat 
which passes from its source, and Qji is the quantity of heat 
which passes through its refrigerator in a given time. Qs and 
Qr are thus ordinates of Fig. 76, while Ts and 7^ are the 
corresponding abscissae ; and we have, since Oed is a straight 
line — 

Also- 'Q^.Q^^Qdi:^. 

But since during a given time while the given quantity of 
heat Qs leaves the source it is only the smaller quantity Qg 
which reaches the refrigerator, it is evident from the prin- 
ciple of the conservation of energy that the difference, or 
Qs— Qr* inust have been transmuted into mechanical eflfecL 
Hence m it t\ 

J((is-Q.)-^^^f^ (A) 

is the quantity of work produced by the engine in this time; 
that is to say, this expression represents the amount of work 
produced by a perfect engine working between temperatures 
Ts and T^ (new scale) during the time that a quantity of 
heat = Qs is conveyed from the source. It is unnecessary 
to notice the importance of this result in the theory. of steam 
engines and of heat engines in general. It is very easy to 
illustrate this conclusion by means of a numerical example. 
Let us conceive, for the sake of simplicity, an air engine 
working at a very low temperature and with a very small 
difference between the source of heat and the refrigerator. 
Let the source be of the temperature o°C, or according to 
itation just introduced z\'^^ while the refrigerator is 



W «S® ItEGSAltlCAL BPFbCT. 34$V, 

o.i°C lower or 271.9, Let us also suppose that we have a 
cylinder filled with air, of which the cross section is one 
square metre ; also let the whole pressure upon the piston be 
2160 kilogrammes. Suppose now, for the sake of simplicitj-, 
that tbe contents of the cylinder are 2 159 cubic mfetres, and 
in the first place let the piston rise one rafetre high, the tem- 
perature remaining the same. The air in the cylinder will 
now occupy zi6o cubic metres, and the pressure on the 
cylinder, which varies inversely as the volume of the air, will 
now be 2139 kilogrammes, so that the mean pressure during; 
the rise of the piston was atgg.s kilogrammes, and this wa» 
raised one nitre in height — work has therefore been done 
by the air during this operation equal to argg.s units. Now 
v.e know by Art, 3J1 that no internal work has been done in 
separating the particles of air from one another, and since 
the particles themselves are of the same temperature as 
before, the only expenditure of energy lias been that re- 
quired to lift the weight, so that Z159 5 kilogram metres must 
represent the energy of the amount ol heat of 272° tempe- 
rature required for this expajision This is the first operation 
of Art. 338; the next is to allo« the air to expand farther, 
without either gi\mg out or receiving heat, until the tempe- 
rature falls through o j'^C. Now we know both by experi- 
ment and calculation that in order to produce this fall of 
temperature the piston must rise 1.915 mfetres more, and 
hence the pressure at the end of the rise will have fallen, 
both on account of tbe increase of volume and the diminu- 
tion of temperature. It will now have become 
zi6d 271.9 

kilogrammes, and the mean pressure during the ascent will 
therefore have been 2157,647 kilogrammes, while the work 
done will have been 2157.647x1.915 = 4131.894 units of. 
work. 
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Let us now proceed to the reverse operation and condense 

the gas. The air has flow the temperature 271.9°, the 

pressure 2156.294 kilogrammes, and the volume 21 61.915 

cubic metres; let it now be suffered to contract at this 

constant temperature through 1.000886 mbtre. At the end 

of this contraction its pressure will have become 

. 2 1 61.91 5 

2156.294 X — ^-^- = 2157.292 

2 1 60.91 4 1 14 

kilogrammes, and the mean pressure during the operation 

will have been 2156.793 kilogrammes, and the work done 

upon the air will have been 2158.704 units. In the next 

and last stage let the air still contract, neither receiving heat 

nor giving it out through the remaining 1.9 14 114 metres, 

until when at the end it will be found to have regained at 

once its original volume, temperature, and pressure. Its 

mean pressure through this contraction will therefore be 

21^^7.202 + 2^^160 

- =2158.646 kilogrs., and the work done 

2 

upon the air will be 2158.646x1.914114 = 4131.894 units 
of work. Let us here pause a moment and sum up what has 
been done. Firstly^ the air was allowed to expand for one 
m^tre at the temperature of 272°, doing work against the 
pressure equal to 2159.5 units. Secondly, it was further 
allowed to expand, neither receiving heat nor giving it out, 
until its temperature fell to 271.9°. During this expansion 
work was done by it against the pressure equal to 4131.894 
units. So that in both expansions work was done by 
the air equal to 6291.394 units. Thirdly, the gas was 
made to contract one m^tre at the temperature of 271.9', 
work being done upon it by the pressure equal to 2158.704 
units. Lastly, it was allowed to contract, without giving or 
receiving heat, until it reached its original volume, tempe- 
rature, and pressure, during which process work was done 
1 it equal to 4131.894 units, while during botb con- 
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tractions work was done upon it equal to 6290,598 uniis. 
—The engine is now ready to start afresh, and during this 
Kile of operations there has been more work dune by the 
ne upon the air, yielding us a surplus available 
J" eslernal purposes equal to 6291.394 — 6290.598 = 0.796 
It is worthy of remark that this difference takes place 
ween the first and the third operations. 
I If we now consider our first operation we shall find that 
I order to produce this result we have taken a quantity of 
kt from the higher temperature equal to 2159.5 mechanical 
:e consider the other operations we shall also find 
B^is heat has finally been carried over to the lower, tem- 
are, so that there has been a carriage of heat from the 
3 the lower temperature equal to 2159.5 mechanical 
^ during which operation an amount of available work 
1 to 0.796 units has been obtained; so that as nearly as 
ible ir-'an of the whole heat transferred from the source 
Bat to the refrigerator has been utilized. 
it us now vary the conditions, and suppose the source of 
\ to be of the temperature of boiling water, or (on the 
t scale) 372°, while the fall of temperature is jV of ^ 
centigrade as before. Taking as before the four 
^tions necessary to a complete cycle, we have — 

pansion for one mfetre — work done = 2 159.5 units. 

known that in order to produce a tempe- 

■ fall of -jV of a degree centigrade on the gas at 

(■ temperature it must be expanded through 1.400 

The pressure at the end of this operation will be 

\a X X = 2157.022 kilogrammes, and the 

2161.400 372 

mean pressure during the expansion will be 2158.011 kilo- 
grammes, Hence the work done will be 2158.011 x 1.400 
= 3021.215 units. Hence also, the whole work done by the ■ 
,air during both expansions will be 5180.1 15 \JBi.\fi> I 
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3. The first contraction will be 1.000649 i»^tre and will 
have for its extreme pressures 2157.022 kilogrammes, and 
2158.021 kilogrammes. Hence the work done upon the j 
air will be 2158.921 units. ' 

4. The second contraction will begin with the pressure 
2158.021 kilogrammes, and end with the original pressure 
2 1 60 kilogrammes. Thus a contraction of 1.39935 1 metres 
will be gone through under an average pressure of 2 159.0105 
kilogrammes, and the work done upon the air will be 
3021.215 units. Hence the whole work done upon the air 
during both contractions will be 5180.136 units. It will be 
found, as in the previous instance, that we have gained an 
amount of available work equal to 5180.715 — 5180.136 = 
0.579 units, while the heat transferred from the source to the 
refrigerator has been 2159.5 units. We have thus utilized 

a proportion = = nearly of the whole : we thus 

2159.5 3720 

see that when the temperature of the source on the new scale 

is 272 and the temperature fall 0.1°, we realise a proportion 

of the whole heat carried between the two = , and also 

2720 

that when the temperature of the source is 372° and the 

temperature fall 0.1° as before, the proportion realized is 

only 

3720 

These results are thus quite in conformity with the conclu- 
sions at which we have arrived by our analytical investigation. 

347. Absolute zero of temperature. One peculiarity 
of the expression (A) remains to be remarked. If 7^ = 0, 
then the work produced is JQs ; that is to say, all the heat 
Qs which leaves the source is converted into work. Since 
we cannot possibly have more work than this from this 
quantity of heat, we are therefore precluded from supposing 
that Tji may be a negatwe c\\WLrvtity ; that is to say, it wouU 



seem that on this scale there can be no negative temperature 
lOr it would seem that the zero of this scale is the absolute 
zero of temperature. We shall again return to the subject 
of the absolute zero of temperature. 



CHAPTER III. 

History of Heal Engines. 

L8. In the last chapter heat engines were discussed, but 
rather from a theoretical than a practical point of view. 

A mechanically conceivable but nevertheless unaltainabie 
machine called a perfect engine was there imagined, and it 
was shewn that such an engine, having given temperatures 
of source and refrigerator, is only able to convert into me- 
cbanical effect, or utilize, a certain definite proportion of the 
heat which leaves its source. Also, the principles of the 
process by which heat is converted into work in such engines 
were given; so that by knowing the temperatures of source 

id refrigerator of a perfect engine the proportion of heat 
utilized can he at once ascertained. 

But in practice engines are not perfect, and by no means 
produce the greatest possible amount of work which perfect 
engines of the same temperature of source and refrigerator 
are capable of producing, although of late years the efficiency 
of heat engines has been very greatly increased. 

Such machines also have hitherto been worked almost 
exclusively by steam, so that the history of heat engines is 
in fact that of the steam engine. 

This history is one of great interest, and it is extremely 
instructive to trace the attempts to make use of steam from 
their infancy to our own day, in which the steam engine 
plays so veryprominent apart. 
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349. Hero's engine. In giving a short sketch of tby 
history of the steam engine we may with much propj 
limit ourselves to those attempts to produce by means 
steam some motion of a useful kind which have been 
made or at least suggested ; and in this sketch the 
engine which we shall have to describe is the Eolipyle 
Hero of AJexandria, who flourisheJ about lao b,c. 
This machine is represented in Fig. 77' 
The principle of it is obvious, and is founded upon 
law of motion which asserts that all action has an equal 
contrary reaction as- far as momentum is concerned, 
when a musket is discharged the equivalent to the foi 
momentum of the ball and ignited gas is the recoil of 
gun barrel, but the mass of the latter being much greater 
velocity is of course much smaller. 

In like manner when a rocket is ignited the reaction 
the down rush of gas is the upward flight of the rocket 

The same principle applies to Hero's Eolipyle, which cod 

sists of a globe having two nozzles with narrow a.pertuni 

as in Fig. 77. TM 

globe contains a quM 

tity of water, which i 

made to boil by ill 

application of a lalA 

(not shewn in Al 

figure.) As the htM 

is applied the vapoa 

is forcibly discharge 

through the dozeIb 

these nozzles in 

therefore be 

fto musket barrels; so that at each nozzle there is » 

^lich is the exact equivalent of the momentum of the 

This recoil wlW nol to-Mtvet be mom' 
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continuous, since the issue of the steam is continuous. Now 

nozzles are so arranged that these forces of recoil form 

luple, tending to produce a rapid motion of rotation of 

globe about its axis. 
.860. Blasco de Garay. Passing over the Middle Ages, 

have information that in the year 1543 BJasco de Garay, 
1 the service of Charles V of Spain, succeeded in 

Jying the motive power of steam so as to propel a. ship of 
Ions burthen in the harbour of Barcelona at the rate of 
miles an hour. This, if well authenticated, is a very 
irdinary fact. 

351. Porta, De Cans, and Worcester. J. B. Porta 
(1580), Solomon de Caus (i6[5), and the Marquis of 
Worcester (1663) appear to have independently conceived an 
application of steam of a kind somewhat like the following. 

Our readers are no doubt familiar with an accident that 
sometimes happens with a common kettle if the lid be too 
tight and the level of the water be above the orifice of the 
apout ; the pressure of the steam formed acts upon the sur- 
face of the water so as to drive it out at the mouth of the 
spout. 

Now it seems to have been contemplated by these three 
inventors independently that the pressure of steam m^ht 
thus be employed to raise a colamn of water, and by this 
means to do work ; but it seems very doubtful if these con- 
ceptions ever led to the construction of a machine of any 
magnitude. 

362. Papin, In 1690 Dr. Papin, a Frenchman, whose 
name we have akeady mentioned (Art. 123), conceived the 
idea of applying the motive force of steam to raise a piston, 
while its descent might be effected by the condensation of 
the steam creating a vacuum. 

For a long time it was thought that Papin did not cany 
his project into execution on a scale of any m3!6u\\.M.4s,, 
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a correspondence has recently come to light which appears 
to shew that Papin not only conceived the idea of such a 
machine, but had this idea carried into effect. If we pre- 
sume this to be the case, a very high rank must be given to 
Papin in the histor}' of the steam engine. 

353. Savory. In the year 1698 Captain Savery took 
out a patent for an engine for the purpose of raising water 
from mines. 

The machine of Captain Savery was in reality a lift and 
force pump worked by means of steauL In the lift and 
force pump tA\'o operations are performed. In the first 
place, by the ascent of a piston a vacuum is formed in a 
chamber from which a pipe proceeds down to the reservoir 
of water, beneath the surface of which the extremity of this 
pipe is plunged. On account of this vacuum the external 
pressure of the atmosphere on the reservoir forces the water 
up this pipe, and ultimately into the chamber of the pump ; 
while a valve opening upwards prevents it from returning. 

The piston has, however, another office to perform : it 
drives the water out of the body of the pump into a side 
pipe, which it is thus forced to ascend, its descent being pre- 
vented as before by a valve. 

Now in Saver}''s engine a receiver communicating by 
means of a pipe with the reservoir of water was filled with 
steam. The supply of steam was then shut off, and the 
steam condensed by means of a jet of cold water ; — a vacuum 
was thus formed and the external pressure of the air on the 
surface of the reservoir forced the water up the pipe into the 
receiver, its return being prevented by means of a valve. 
When the receiver was thus nearly filled with water a com- 
munication with the boiler was again opened, and the pres- 
sure of the steam upon the water forced it up a pipe to a 
height determined by this pressure, its return being pre- 

2ted by a valve. 



The defects of this engine of Savery's are very manifest, 
and it was never extensively used : one great disadvantage 
was that the height to which water could be raised by this 
engine was dependent on the pressure of steam in the boiler 
so that to carry water any considerable height an enormous 
pressure would be required. 

354. Newoomen. Newcomen & Cawley conceived in 

J705 the same idea that had previously occurred to Papin, 

icly, to make use of steam to move a piston. It is 

ml that if by an arrangement of this kind a considerable 

s exerted on every square inch of a piston of con- 

rable area, and that if this piston is made to move 

a considerable space, a great amount of useful work 

If be done. 

, Newcomen's engine as finally constructed we may 

ine the piston to be at the top of the cylinder, while the 

der itself is filled with steam ; the communication with 

' the boiler is now cut off, while at the same time a jet of 

cold water made to play in the cylinder condenses the 

L vacuum is thus formed, and the pressure of the air 
I the upper surface of the piston pushes it down w 
t force : — in descending the piston is made to perform 
1 work. When the piston has reached the bottom of 
PiCylinder the communication with the boiler is again 
jed, the atmospheric pressure is thus balanced, and the 
bine itself by a simple arrangement is made to pull the 
D the top of the cylinder. 
len the piston has arrived at the top the communication 
h the boiler is once more cut off, the steam condensed, 1 
I' vacuum formed, and the external pressure of the air made to 
f force the piston down, performing as before useful vicwVw 
its descent, and so on again. It wiW be seen t'li'a.v ftsa "\.^ '■«»^ 
realit}- an atmospheric engine, and though vn. tr's.w} T.e.av*^* 
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obieccionable, it was a form of engine that continued in use 
un:il :he time of Watt. 

355. Watt. Separate condensation. In the year 1763 
James \^'a:t, philosophical instrument maker to the Univer- 
sity of Glasgow, was appointed to repair a model of a New- 
comen eni^ine that was used by the Professor of Natural 
Philosophy. He soon perceived the disadvantages attending 
the construction of this engine, and ^^as led, after laborious 
s:udy and much opposition, to realise certain improvementi 
of the steam engine which have immortalised his nam& 

Watt perceived that in order for the piston of such an 
engine to descend \v-ith force it is necessary that there should 
be little pressure of steam opj)Osed to that of the atmosphere, 
and hence that the cylinder, pre\'iously filled with steam, must 
l>e cooled, so as to condense the steam. But before another 
down stroke takes place it is necessary that this very same 
cylinder should be tilled with steam of the ordinary atmo- 
spheric pressure, and hence that the cylinder should be hot 

It is, therefore, essential to this arrangement that the same 
cylinder should be heated and cooled alternately; but this 
produces a great waste of heat, and it soon occurred to Watt 
that the condensation might be performed in a separate 
vessel. In fact, the obser\*ations of Watt had led him to the 
result that we have stated in a previous part of this work 
(Art. 1 16), namely, that if vapour of water be introduced into 
two communicating vessels of different temperatures the 
pressure of the vapour will soon fall so as to correspond as 
nearly as possible with that due to the inferior temperature. 

Watt's idea was therefore to keep the cylinder always as 
hot as possible, and when it was wished to condense the 
steam, to open up a communication between the cylinder and 
a separate chamber kept cold by the constant injection of 
water. By this means a vacuum might readily be made 
''ilhout the necessity of cooling down the cylinder*. . 



3B6. Air-pump. Another improvement was the air- 
pump. Walt saw that this water of injection would soon 
([et heated, and that by its raeans also atmospheric air 
toight be carried into the condenser. The usefulness of this 
separate chamber would thus be greatly impaired unless some 
arrangement were made for pumping out the heated water 
and the air. 

was done by an air-pump driven by the engine itself; 
order to economise heat as much as possible the 
boiler was fed by means of this healed water. 

This arrangement of separate condensaljon must be re- 
one of the greatest of Watt's discoveries, for by 
IS of it, instead of alternately heating and cooling the 
cylinder, the cylinder was always kept as hot as possible 
the condenser always as cold as possible. 
i7. Double action. Another improvement of Watt 
to transform the atmospheric engine into a steam en- 
and to make this steam engine double-acting. In the 
of Newcomen it was essential that the cold atmo- 
shouJd have access to the inleriorof the cylinder ; but 
devised the plan of using the pressure of steam instead 
of air. In this plan when the piston is at the top 
le cylinder, the steam below the piston is now con- 
id, the communication with the boiler being shut off, 
steam from the boiler is admitted above the piston, 
thus descends with force ; but when at the bottom 
le cylinder, the steam above the piston is shut off from 
and condensed, while steam from the boiler is 
iwed to pass beneath the piston — which is thereby driven 
Upwards with force. 

By this arratjgement neither cold water nor cold a 
admitted into the cylinder, the object being to keep the 
cylinder always as hot as possible. Moreover, radiation 
from the healed cylinder into the suriownima w '■>& '^'i^ 
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vented by a non-conducting envelope or jacket; and fre- 
quently in the best engines by a steam-jacket. 

358. Expansive working. One other great improve- 
ment of Watt requires to be mentioned. 

If the communication of the cylinder with the boiler be un- 
interrupted during the whole time of the stroke of the piston, 
and if the resistance to the ascent of the piston be unifonn, 
and of course less than the pressure of the steam, the velocity 
of the piston will gradually increase to the end of the stroke, 
when its momentum will be suddenly destroyed by striking 
against the end of the cylinder. Available work will by this 
means be converted into heat of percussion (an unavailable 
form), while the engine itself will also suffer in consequence 
of these blows. Watt checked this by shutting off the com- 
munication with the boiler before the piston had yet finished 
its stroke. The remainder of the stroke would thus be per- 
formed under the continually diminishing pressure of the 
expanding steam, and the piston would reach the end of the 
cylinder with little or no velocity. Other improvements were 
introduced into the steam engine by Watt, and also since his 
day, but these have been chiefly of a mechanical nature and 
are therefore foreign to the subject of this work. 

359. It will be observed that the leading idea in the 
engine we have described is to produce work as economically 
as possible, and that this was effected mainly by the improve- 
ments of Watt. 

The following table will render this evident. It repre- 
sents the performance in foot-pounds of different engines 
for one bushel (somewhat less than lOO lbs.) of coal con- 
sumed both before and after the era of Watt. 

1 769 Atmospheric engine (Smeaton) 5*590,000 

1772 „ » 9,450,000 

1776 Watt 21.600,000 

1778 „ (expansive working) 26,600,000 

1830 Corms.\i ttv^mw 86,585,000 
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380. Definition of horse-power. In an engine we 
Mve however another point to consider besides the economy 
■which it works ; — this point is the rate at which it works, 
t bow much work it produces in a given time. The unit 
Fthis measm-e is usually the horse-power. An engine is 
1 to be of one horse power when it will raise 33,000 
i one foot high in a minute, this being the average rate of 
t yrork of the strongest London horses : it is said to be of 10 
iJtorse power when it will do ten times this work in one 
1 minute, and so on. 

361. It will appear as a consequence of the principles de- 
Iduced in the last chapter that the economy of an engine will 
I be increased by increasing [he range of temperature between 
I the source and refrigerator ; but this can scarcely be done 
L to any great extent in the steam engine, for if the tempera- 
I ture of the water in the boiler is very high the pressure is 
L enormous. Whether on this account any other vapour or 
I gas might not be employed with greater economy is a prac- 
f tical question which has not yet been decided. 

. LoeomotiTe engine. StophenBon, Our object in 

j^eketch has been to furnish the reader with a short account 

mprovemenls in engines which have reference to 

, and before concluding it we cannot do better than 

^ describe certain appliances in the locomotive engine. This 

form of engine is adapted for carrying itself and a load 

I swiftly on iron rails, and was improved very much by George 

n : of late years it has played a very prominent 

t in the world's history. In this engine the principle of 

iensation cannot be adopted, as that would lead to & 

f large increase in the weight of the engine in order to hold 

the necessary water. We have not therefore, as in the 

ordinary engine, the pressure of steam on owe wia ts^ '^«. 

piston and 3 vacuum on the other, b\W. we \va,\e 'Cwa ^\<^ssfft 

' of steam oa one side and that of Vhe aiix otv 'Cae cife«: 
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thus, in the locomotive the steam is generated at high 
pressure, and instead of being condensed is blown oflf into 
the air. 

It is necessary that the locomotive boiler should vaporise 
water as quickly as possible; in order to produce diis 
result metallic tubes conveying the heated air of the fiir- 
nace pass through the boiler, thus exposing as great aa 
area of the boiler as possible to the action of the heat. An- 
other feature of the locomotive is the blast-pipe, or pipe bjr 
means of which the waste steam is made to escape through 
the chimney, and in so doing to supply a powerful draagiit 
to the fire. By this arrangement the fire is urged most wlictt 
the engine is going most quickly, and when there is therefore 
most need of rapid combustion. 






CHAPTER IV. 



Conned ion between Heat and other forms of Energy, 

Connection between Heat and Electricity in 

Motion. 

363. Conversion of electricity in motion into heat 
Heat is the ultimate form of energy generally assumed by 
a current of electricity. Thus when a Leyden jar is dis- 
charged a momentary flash of light is seen, and in voltaic 
currents we know that there is often a great display of heat 
in those portions of a circuit which most resist the passage 
of the electrical current. 

'•ecently it was supposed by some that the electric 
le direct pxod\icX\otv o^ \\%Vvt through the union of 
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K two electricities, and that this flash did not imply the 
Bstence of ordinary matter in a heated state ; but of late 
Hrts it has been shewn that the electric f^ash is probably . 
Hp to a small portion of some kind of matter intensely ' 
^Kted. Thus when a jar is discharged, or the spark is taken J 
Kwecn the terminals of a RuhmkorfPs machine, this sparkJ 
H»s from a small quantity of the matter of the terminal, in \ 
Hkaseous state and at a very high temperature, combined 
HSi z small portion of the air or gas existing between the j 
^noinals also intensely heated. Indeed, we can analyse by J 
^e prism the light of such a spark, and we find that this. | 
H|tt gives the spectrum of the substance composing the < 
^Riinat in a state of vapour superimposed upon the spec- j 
^nn of the air or other gas existing between the terminals. 1 
Hjeat light has recently been thrown upon the nature and* 
^fenliarities of the electric discharge by the introduction 
B|:spectrum analysis, and also by the researches of Dr. J, 
H<}assiot and others. 

^prhe heating effect of the ordinary voltaic current is inj- 
Hdiately apparent. Large quantities of wire may be heated 
^feision by this current, and the light from charcoal-points 
HBtile separated is the most brilliant which can be pro> j 
B^ by artificial processes. Indeed, the healing effect; 1 
^H consequently the energy of voltaic electricity, far ex- J 
^feds that of statical electricity, although the intensity of J 
Hetrical separation is greater in the latter. ] 

^Be4. Viewing voltaic electricity as an agent capable of 
[pasuretnent continually passing along tlie wire of a circuit, 
R foUowing are the laws which regulate its calorific 
effect. 

Let / denote the quaniity of electricity which passes in- 
unilof iitm across the section of a wire, or, in other words, 
let /denote the intensity ot i}aG current which proceeds along, 
the wire, then the heat produced is pT0pQiUCin2i.\ U:) P,%.^ 
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also to the electric resistance JR of the wire, that is to say, 
the heat varies as 7?/^ 

Again, ^, or the electric resistance, is proportional to 
the length of the wire, and hence a double length of 
wire will offer a double resistance; while it is inversely 
proportional to the area of the cross section of the wire, 
so that a wire of double sectional area only interposes 
half the resistance. 

We thus see that in such a current if the wires used be of 
the same material, the heat developed is directly proportional 
to the square of the intensity of the current and also to the 
length of the wire, while it is inversely proportional to the 
area of the cross section of the wire. For wires of dif- 
ferent material but of equal lengths and sectional areas 
the heating effect is inversely proportional to the electric 
conductivity. 

365. The reason is evident why a current passing 
along a wire should develope twice as much heat in one 
which is twice as long, and also why in a wire of half the 
section it should develope twice as much heat, but it is not 
quite so apparent why the heating effect should vary as the 
square of the intensity. This may, however, be very easily 
explained. Suppose we have two wires of single thickness 
coiled together, while currents of single intensity are sent 
simultaneously through each wire — we may if we choose 
imagine the one current to go through the one wire, and 
the other current through the other wire. Here then we 
have a double current going through a double wire, while of 
course twice as much heat is developed as when a single 
current goes through a single wire; but when this double 
current is made to go through a single wire, twice as much 
heat will be developed as when it goes through a double 
wire ; that is to say, four times as much heat as when 
a single current goes through a single wire. 



366. It is not niihin the province of this work to give 
Uhe theory of ihe voliaic battery : we will therefore suppose 
fcat our readers are already conversant with the arrange- 
Bent of a simple battery consisting of a number of pairs of 
Ikpper and zinc. Now it is well known that in such a bat- 
Tery, when the circuit is complete, the intensity of current, or 
quantity of electricity, which passes in an unit of time through 
^vcry cross section of this circuit, is the same. The intensity 
■ling the same for every cross section of the circuit, if 
BKgine that all the energy of the current is expended in 
Batting the circuit, and if we know the electric conductivity 
^P^e various materials of which the circuit is composed, 
He laws already stated furnish us with the means of finding 
Be distribution of the heat in the diflerent parts of the 
'Circuit. 

Thus there will be a great headng effect where the 
sislance is great, and a, small heating eETect where this is 
small. 

To give a numerical example. Suppose one part of the 
circuit is composed of a foot of silver wire .05 inch in thick- 
ness, while another part is composed of 5 inches of goU 
wire .01 inch in thickness: it is required to find the relative 
heating effect of the current in those two parts of the circuit. 
Calling that produced in the first wire unity, we shall have 
that in the second wire representeti by — 
loo 5 (.031' 

where the first multiplier is on account of the difference 
substance (see .\rt. 168), the second on account of the dif- 
ference of iengili, and the third on account of the difference 
of section. 

Knowing thus the reladve distribution of the heating 
effect along the different parts of the circuit, the whole 
amount of heat produced may be found b^ be'anso^ 



360 COXNECTION BETWEEN HEAT 

mind the nature of the process which supplies the heat 
in such a batten*. A chemical action goes on between the 
zinc and the acid in virtue of which electricity is produced: 
the zinc is burned, and the electrical energy given oot 
is proportional to the quantity of zinc consumed. This 
electricity is converted into heat by the resistance of the 
circuit. 

Joule has shewn that if the same quantity of zine be com- 
bined with the acid in ai> ordinary vessel it will g^ve out the 
same amount of heat as it would if the combination took 
place by means of the voltaic arrangement, and he has ex- 
pressed an opinion that heat of combination is in all cases 
first produced as electricity. 

The difference between the two processes is not therefore 
a difference in the amount of heat produced from the same 
combination — indeed, according to the laws of the conserva- 
tion of energy there could be no such difference — but it con- 
sists in ihe peculiar distribution of this heat. In the voltaic , 
arrangement, by interposing a resistance in the circuit, heal ! 
might be produced many miles from the cells ; whereas in 
the ordinary chemical combination of the zinc with the acid, 
the heat is of course entirely confined to the vessel in which 
the combination takes place. 

367. Conversion of heat into electricity in motion. 
Allusion has already been made to the thermo-electric cur- 
rents produced when a circuit composed of two different 
metals has the two junctions unequally heated (Art 163), 
and it has been stated that in a circuit of bismuth and anti- 
mony the current will go from the bismuth to the antimony 
across the heated junction, while it goes from the antimony 
10 the bismuth across the cold junction. Suppose now that 
we have a circuit with both junctions of the same tempera- 
ture, and that heat is abstracted, let us say, by radiation from 
the junction C (Fig, 18); this junction will therefore lose 



heat, while, at the same time, an electrical current ivill be 
established in the circuit in the direction of the arrow- 
heads. 

Now an electrical current denotes energy ; and since there 
is no access of energy to the system that might become 
transformed into such a current — but the reverse, since the 
system is losing heat by radiation — it is clear that some other 
fonn of energy must disappear from this sj'stem in order to 
produce this current. 

We should naturally look for a disappearance of some of 
the heal of the system, and it was on this principle that Joule 
and W. Thomson explained the fact (first discovered by 
Peltier) that a current of electricity passing across a junction 
in the direction from bismuth to antimony causes cold. For 
if a current of electricity has such a cooling 
effect, it ought to be (as it is^ when passing jj 

from the bismuth to the antimony, and not 
when passing from the antimony to the bis- 
muih. For let us refer once more to Fig. 78. 
Since the junction at C is colder than that at 
If, and since in consequence a current is 
passing across C in the direction of the arrow- 
head, if this ciurent has a cooling effect at 
one of the junctions it ought to be at H, for 
evidently if it cooled C (already colder than C 

H) and heated H (already hotter than C) it Fig. 7R. 

would resuh thai an electric current, and 
hence energy capable of performing work, might be asso- 
ciated with the conveyance of heat from a cold junction 
towards a hot one ; that is to say, from a cold substance to 
a hot one ; but this would be in violation of the principle 
propounded in Art, 334. Such a current therefore will 
cool H, and heat the other parts of the circuit; and if it 
have no work to do external to the circuit, ii \yi.V^ ^ww^Vj -aK-X. 



as a means or conveying hsat rrom ihe hotter to [he colt 
I (larts of the circuit. But if it accoinplisb external 
some of the heat of the circuit will disappear as heat 
the process of producing this external, work. 

Connection between Heat and Molecular Potestial 
Enkhgy. 

I 368. Latent Heat. In most bodies when heated a 

allowed to expand freely the beat has a double office to pep 
form. A great part of it is no doubt spent in communicatiiij 
a peculiar motion to the molecules of the body, but s 
it is also spent in doing work against the molecular forces S 
the body; such, for instance, as separating the molenill! 
from each other against the force of attraction which b 
them together. More especially may this be the case mbOE 
a body changes its condition, that is to say. passes from At 
solid to the liquid or from the liquid to the gaseous state] 
and we may in many such cases suppose a portion of fbi 

' heat required to produce this change of state to be spent i 
doing work against molecular forces. 

It will be necessary here to make a remark with regard' 
the latent heat of vapours, and especially that of t 
Experimentalists have sometimes defined the total heat ■ 
saturated steam of any temi)erature to be the quanti^ I 
heat required to convert a unit of weight of water at o'C ill 
steam of this state. 

Now it has been wel! remarked by Professor Sir W. 1 
son that the amount of heat necessary to do this depends d 
the mode in which the change of stale is effected. No d 
the real quantity of heat (kinetic and potential) of a poua 
of the vapour of water at a certain temperature and prcsaif 
is constant, while the heat of a pound of liquid water at o*^! 

I a(so constant ; but in passmg ^tota ■&¥& oT\t awa to the ol 

I work is generally done, and \W o^raSioti. nwj \)t va*« 
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that in some ways more work niay be done than in others. 
Thus Thomson remarks that the final quantity of heat requiretl 
to evaporate a quantity of water at d'C, and then, keeping it 
always in the state of saturated lupour, to bring it to the 
temperature lOo^C, cannot be so much as three-fourths of 
the quantity required first lo raise the temperature of the 
liquid lo loo'^C and then to evaporate it at that temperature. 

Now in a determination of the total heat of aqueous 
^«pour made by Regnault let us see how the experiment 
was performed. It was conducted virtually in the following 
manner. To one extremity of the calorimeter a vessel was 
attached containing water, which was made to boil at a 
certain consLant temperature ; and this vapour of water in 
passing through the calorimeter was given out at the other 
end as liquid water, let us say, of the same temperature, 
having been in the meantime robbed of a certain amount 
of beat, which remained in the calorimeter and was there 
measured. 

Now it is evident, Thomson remarks, that since no ex- 
terna] work is done by this arrangement, and therefore since 
no heat is converted into worit, the whole amount of heat 
absorbed at the one end in converting the water into vapour 
at a constant temperature of ebullition is given out at the 
other in reconverting this vapour into water. Regnauk's 
total heat of sleam (Art. 308} is therefore the quantity of 
heat that would be required first of all to raise the water 
without evaporalion to the proper temperature, and then to 
convert it wholly at that temperature into saturated vapour. 

369. Oradual ehauga of molecular state. We have 
spoken of the molecular change that generally accompanies 
change of temperature of a body ; if, however, a body when 
at a high temperature be suddenly cooled, its particles have 
not lad time to acquire their proper position for the reduced 
temperature, and they are therefore thrown \vitQ a ?.WiSe. cS. 
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constraint. Prince Rupert's drops, formed by droppi 
melted glass into water, are examples of ihis^ class. No* 
all such bodies tend as far as possible to assume a more 
natural condition ; and on this account a Prince RupertS 
<!rop, if the surface be only slightly scratched, breaks into 
small pieces. We have seen also that the recently blown 
bulb of a thermometer gradually contracts. Probably these 
changes, whether abrupt or gradual, are attended with an 
evolution of heat, and denote the conversion of potential 
into kinetic molecular energ^y. 

In other bodies a process of a more complete kind goes 
on ; and there is, in fact, a new arrangement of panicles, in 
virtue of which many of the properties of the body are 
changed. We see this take place in sulphur, phosphoms, 
iodide of mercury, &c. In all such cases molecalar energy 
leaves the potential to assume the kinetic form, or it leavn 
the kinetic form to assume the potential. 



:.iT AND THE Potential 

E.\KKGV 0¥ ChF.JIICAL SEi"AKAT10N. 

370. Transmutation of the potential energy of 
cbsmical separatioa into beat. In accordance with wlui 
has been stated, it is natural to expect that if a definite (]IUd- 
liiy of carbon or of hydrogen be united to oxygen or burned 
under given conditions a definite quantity of heal will be 
produced. Thus a ton of coal or of coke will give out, as It 
burns, a definite quantity of heat, neither more nor less, 
though this almost seems to be self-evident, yet the ditlicultio 
attending a correct estimation of the heal -equivalent of the 
chemical action which takes place in this and similar com- 
binations are very great In order to exemplify these diH- 
culties let us suppose thai la ■poawd*. ot catbon (a v^) iri 
aaited 10 31 pounds ot oxygen l^^ s*^"! ■a.a.^wwv-^ 



temfieralnre of the constituents being o'C : the result is the 
production of 44 pounds of carbonic acid gas. If we wish 
to find how much heat is due to chemical action we must 
' first of all preserve the heat of combustion so as to measure 
it by a calorimeter. By this means it may be possible to 
I estimate the whole amount of heat rendered sensible ; but 
, something more is siill desired if we wish to know the exact' 
Lheat-equivalent of the chemical combination which has taken 
rplace. In order to ascertain this it will be necessary to 
^now — 

1 (1) The total amount of molecular energy (both kinetic 
and potential) in the carbon C. 

( i) The total amount of molecular energy in the oxj^en O. 
(3) The total amount of molecular energy in the com- 
ponnd CO^. 

Now it will be found that {3) is greater than the sum of 
(i) and (2), the difference denoting the amount of chemical 
potential energy which has been transmuted into heat. That 
is to say, the molecular energy of the compound less the 
molecular energy of both constituents united is tquat I9 
the heat produced by chemical action. 

But we have no certain means of estimating directly the 
whole molecular energy either of ihe components or of the 
compound produced, for we cannot deprive any of these 
bodies of the total amount of its molecular energy and thus 
measure its amount. We may no doubt by means of mea- 
surements of specific and latent heat arrive at conclusions 
more or less probable regarding the molecular energy of 
bodies, but these conclusions cannot be regarded as cer- 
tainties ; and besides, they are founded on experiments of a 
very difficult iiamre. It being thus impossible with our pre- 
sent knowledge to estimate with certainty (i), (2), and (3), 
it is also impossible to estimate with certainty 

(3)-((.) + W!; 



^an esprcssion which represents the heat-equivalent ■ ( 
chemical action, 

371. But though we perhaps cannot in this sense esli- 
mate the quantity of energj" produced by chemical action. 
we can cause a certain definite quantity of carlxm in a 
definite molecular state and at a definite temperature W 
combine with oxygen at a definite temperature and pressure: 
and when the carbonic acid gas which is the product iif 
combustion has been brought to this same definite tempe- 
rature and pressure we can find how much heat has been 
evolved in the process of combustion. Determinations of J 
this nature have been made by many chemists, among w 
may be named Crawford, Lavoisier, Dalton, Davy, Dulon^J 
Despretz, and more recently Andrews, Hess, and Favre; 
Silbermann, As the experiments of Andrews were perfor 
with unusual accuracy we shall now shortly describe | 
method of observation. 

372. Andrews' experiments. When the experimei 
of Andrews were made on g^ases these were introduced tl 
a vessel of sheet copper thin, but strong enougl 
the force of the explosion.. The copper vessel a (Fig, 78 
containing the mixed gases, was introduced into anotbcM 
larger capacity, which was filled with water; the latter w 
was suspended in a cylinder which had a moveable covci' 
each end, and the whole was finally enclosed in an oul 
vessel also cylindrical. This outer vessel was capable! 
being made to rotate round a horizontal axis by means 4 
the arrangement shewn in the figure. Before commendl 
the operation the apparatus was made to rotate for i 
time, in order to bring all its parts into a uniform tcmpcra- 
lure ; this temperature was then measured by a very delicate 
ihermometer. The apparatus was then brought into c 

nectxoa with a voltaic baX\£ts,so Mraft^eA t.hat a fioepfhJ 
Unum wire passing tbiongti ft»ft V^ "««■ '^1 '^ 
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current brought to a red or white heat, and the gas in coi 
sequence made to explode. The orifice of the caiorimet 




was llien quickly closed wilh a cork, the lid shut down, 
and the whole made to rotate for 35 seconds, in order 
to distribute the temperature uniformly throughout the 
apparatus. The thermoineler was then again introduced 
and the increase of temperature observed ; by this means, 
and by knowing the calorific capacity of the apparatus, 
the amount of heat produced by the explosion might be 
determined. 

A somewhat different form of apparatus was used when 
solid bodies were burned in oxygen, but the principle of the 

(experiment was the same. 
373. The following tables give some of the resalU oVa- 
I tained by Andrews and Favre & Silberroanw. — 
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Units of heat developed during combustion in Oxygen, 



Substance burned. 



Pounds of water raised 

I'^C by the combustion 

of one pound of each 

substanoe. 



Hydrogen 

*» 
Carbon .. 

»» 

Sulphur . . 



Phosphorus . , . . 

Zinc 

Iron 

Tin 

Copper 

Carbonic oxide . . 



Marsh gas .... 
»i • • • • 

defiant ga* .. 

»» • • 
Alcohol 



34463 
33808 
8080 
7900 
2220 
2307 

5747 
1301 

1576 

1233 
602 

2431 
2403 

13063 

13108 

11942 

11858 

6850 

7183 



Compound 
formed. 



t« 
C0« 

so« 
p»6'» 

ZnO 

Fe^O* 

SnO* 

CuO 

CG» 



Observer. 



Favre&Silberma 

Andrews 
Favre&Silbcnn; 

Andrews 

Favre&Siiberma 

Andrews 

»♦ 

»» 

i» 

«t 

t» 

f« 
Favre & Silbcrma 

11 
Andrews 

Favre & Si Ibemwi 

Andrews 
Favre &Siiberma 



Units of heat developed during combustion in Chlorine. 



Hydrogen 
Potassium 
Zinc .. .. 
Iron . . . . 

Tin 

Antimony 
Arsenic .. 
Copper . . 



23783 

2655 
1529 

1745 
1079 

707 

994 
9f»i 



HCl 
KCl 
Zi€l* 
Fc^ Cl« 
SnCl* 
SbCi» 
AsCi» 
CuCi^ 



Favre & Silbcrma: 
Andrews 



•» 

«» 



Zinc 
Iron 



Units of heat developed by the action of Bromine. 

Andrews 



1269 
1277 



ZnBr« 
Fe* Bi« 



Zinc 
Iron 



Units of heat developed by the action of Iodine, 



4^\ \ ^^^ \ 
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SUA. MetalHc prGoipitatOB. Andrews has likewise 
■Unade a number of experiments on melallic precipitates, and 
lie finds as a result that the quantity of heat developed 
during ihe mutual action of two metals, A and B, when an 
^quivalentof A displaces an equivalent of B from any of its 
' sails, is the same, whatever be the nature of ihis salt, provided 
'that in all the salts B is in the same state of oxidation. 

We are thus provided with a means of arranging the 
.metals, beginning wiih that metal which evolves most heat 
■when used to displace the metal at the other extremity of 
^^. series. This furnishes the following list : — 
^^L I. Zinc. 5. Mercury. 

^P 2. Iron. 6. Silver. 

^H^ 3. Lead. 7. Platinum. 

4. Copper. 
It is interesting to observe that this is exactly the electro- 
chemical order of these metals, ^inc being the most electro- 
positive and platinum the most electro-negative. 

This prepares us for the.following conclusion, also deduced 
by Andrews. 

If there be three metals, ^, B, C, such that A will displace 
B and C from their combinations, while B will displace C, 
then the heat developed by substituting A for C will be 
equal to that developed by substituting A for B plus that 
developed by substituting S for C. 

Compare this with the fact that the electro -motive force 
between A and C is equal to that between A and 5 plus 
that between £ and C, and we are thus led to imagine that 
the electro-motive forces which are really due to contact of 
dissimilar bodies arc also the very forces which cause heat 
when chemical combination ensues, potential energy being 
then converted into kinetic energy by the rushing togethtt 
of the particles under the attracting forces. 
Andrews has also m.ide experimenVs tto:n v^VvtV "w T»a«J 
R b 
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be inferred that the quantity of heat given out when dif- 
ferent acids combine with an equivalent of the same base 
is nearly the same, while however the same acid combined 
with different bases produces different amounts of heat. 

375. Nature of flame. This may be the fittest place to 
say a few words on the nature of flame, for the knowledge 
of which we are much indebted to Davy. 

Let us take a flame of ordinary gas. 

This substance consists of carbon united to hydrogen, and 
is perfectly transparent. 

Now when a gas flame is lit we find the lowest part next 
the burner to have a very feeble luminosity ; this part con- 
sists of gas more or less heated which has just escaped from 
the pipe but has not yet united with the oxygen of the air: 
its temperature is not perhaps very high, but even if it were 
high, so long as this gas does not change its nature it will 
give out but little light, the reason being that it absorbs but 
little (Art. 221). As this gas proceeds upwards it comes 
into the presence of the oxygen of the air and unites with it; 
and the results of this union are certain products the exact 
composition of which is uncertain, but which both absorb 
and radiate much more than the lower stratum of heated gas. 

376. Heat absorbed when salts dissolve, and the 
converse of this. During the solution of salts in water 
heat is generally absorbed, and the temperature of the liquid 
falls ; nevertheless in a few cases there is an evolution of 
heat when certain anhydrous salts are dissolved. 

This is probably due to the preliminary formation of a 
solid hydrate, a process which is generally accompanied by 
heat, as, for instance, when hydrate of baryta is formed. 

On the other hand, heat is evolved during the deposition 
of a solid from a supersaturated solution. 

377. Heat evolved during the solution of gases. 
'e have already noticed (Jut. 1 34) that when a gas is ab- 



9orbed by water a considerable evolution of heat takes place. 
"We may suppose that this consists not only of the heat due 
to chemical combination, but also of that due to the latent 
heat of gaseity which is evolved when the gas passes from the 
gaseous to the liquid state. 
Thus— 

1. When water unites with, a gas and the product is liquid, 
"we have great heat developed. 

2. When water unites with a liquid (such as sulphuric 
acid) and the product is liquid, we have generally still heat ; 
but 

3. When water unites with a solid and the product is 
liquid, we have often an absorption of heat ; while 

4. If the product is solid w« again have heat. 

In the cases now described it would seem to t>e change 
of condition as much as chemical action which determines 
the result as far as heat is concerned. 

Heat is also produced when a gas condenses on the sur- 
face of a solid. 

Pouillet has also shewn that heat is produced in capiUary 
action. 

S78. Transmutation of heat into the potential 
energy of cheniioal separation. When certain bodies 
are heated they are decomposed ; thus, for instance, when 
carbonate of lime is heated it gives out its carbonic acid, also 
when slaked lime is heated it gives out its water and is 
changed into quick lime. Heat is thus transmuted into the 
potential energy of chemical separation. 

Radiant heat (at Iteast those rays which are called chemical 
yays) may be directly transformed into the potential energy 
of chemical separation. 

Thus when such rays fall upon chloride of silver we 
have a chemical change produced which is made use of in 
photography. 

Bb 2 



It is believed that this change consists in the decomposition 
of the salt into its constituents, and that silver is deported. 

Again, when the actinic rajs of the sun fall upon ihc leaves 
of plants they become the means of decomposing carbonic 
acid into oxygen and carbon, the former being set free and 
the latter assimiiated by the plant. 

The actinic rays disappear as rays in accomplishing this 
separation, and this may be the reason why very few ftctinic 
rays are given off by a sun-lit leaf and why the photogra- 
phic impression of such a leaf is faint in comparison with ili 
luminosity. 

I Connection between Heat and the Potential 

I Energy of Electrical Separation. 

379. We have already noticed (Art. 167) that when q 
tain crystals are heated there is a development of atali 
electricity. 

The most prominent laws of the relation between B 

and other forms of energy are :those which have now b 

I given. 

I 

^^^^- Dissipation of Enesct. 

380. It will have become apparent from the j 
chapters that we can no more create energy than v 
create matter, and that .ill we can do is to make the b 

^ssible use of the slorc o( fetvct^'j ^i. "jtesent existing in I 

universe around us. 
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Now some forms of energy are of more sen'ice to us 
than others, and we ought therefore to inquire which of the 
"various forms of energy are the most serviceable and which 
' are the least so. Having come to definite ideas on this sub- 

■ ject it becomes one of the most interesting, as well as one of 
the most important problems to look around us and review « 
the various stores of available energy which have been put at 
onr disposal by the Author of the Universe. 

381. We have' already seen (Art> 317) that a machine 
, only transmutes energy from one form to another, and that 

in consequence it is impossible for any machine unless 

■ supplied with energy of some kind, either continuously or 
; periodically, to go on doing work ; and that in this sense 
' perpetual motion is impossible. 

It will also be seen by Art. 334 that we may modify the 
I usual conception of perpetual motion in a way that will 
1 render it not inconsistent with the law of the conservation 
, of energy, although it is nevertheless equally impossible. In- 

■ deed, it will appear that the reasoning of Chapter II of this 
book is founded on the assumption that it is impossible to 
convert heat into mechanical energy by abstracting it from a 
substance of lower temperature than the substances around 
it, because if this were possible a perpetual motion would 
be possible also; nevertheless, such a perpetual motion is 
not inconsistent with the principle of the conservation of 
energy. Now when we come to examine more closely into 
the results of this chapter we see that the impossibility of 
this form of perpetual motion is intimately connected with 
the fact that heat tends to diffuse itself. 

382. The following example will make this plain. Sup- 
pose a machine to perform work in a rcom that neither 
conducts nor radiates heat to other bodies ; that is, in fact, 
isolated as far as regards the reception 
enei^y with the rest of the universe. 



icbinn 
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Suppose, furlher, that the source of this machine 
plied with heat, and that in consequence of this the mac! 
does work. Nest suppose that this work, by means of 
friction or otherwise, is immedialely reconverted into beat, 
and then carried again to the source of the engine. 

Will not such an engine, it may be asked, go on working 
for ever? There is nothing in the law of the conservation 
of energy that forbids this result, for the energy of the 
chamber is supposed to be constant, while a constant pKK 
portion of this energy is supposed to esist always in ibt 
shape of mechanical work. The possibility of this arraagC' 
tnent is connected therefore with the possibility of loioBy 
reconverting the heat produced by the mechanical motSon 
into motion, which is again to be converted into heat, and 
from heat into motion, and so on for ever. 

To assume the most favourable circumstances, let us sup- 
pose that there is absolute zero of temperature in the chambeft 
except at the source of the engine ; then, assuming the tratk 
of the results of Chapter II, we may conclude that if a quan- 
tity Q of heat be taken from the source it will be wbcQfJ 
converted into work. Suppose, again, that the work is MM 
converted into heat in a box similar to the chamber itselHB 
that is to say, neither conducting nor radiating heat — aj 
that this'heated box is taken back to the source, recoQVC^H 
there entirely into work, and so on. ^M 

No (leubt this arrangement would be, in its litetal M^l 
a perpetual motion — but not in the technical sense, 3^^| 
external work is produced. When, however, wc com^^f 
analyse the conditions we have imposed upon the matc^H 
employed, we find that they are such as never occurnl 
nature ; there is, in fact, no body that neither conducts apfl 
radiates heat, and it is this tendency lo diifusion in beat AjM 
^firerents the arnrngeiucni frota being possible. Owing -M 
K|& tendency it is itnpas&Mc »Aies v. \kwot<!: ■». AaiiOM 
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which iieillier conducts nor radiates, or to produce a perfect 
zero of temperature. Now this latter is quite essentia! [a 
the perpetuity of our supposed arrangement; for, without- 
such a zero, while all ihe work is converted into heat only 
a portion of tlie heat is reconverted into work. 

The work will thus at every cycle bear a continoally 
diminishing proportion to the heat, and the final result will 
be a uniform distribution of this latter form of energy, 

383. This example, in which the results of Chapter II 
are taken for granted, forms of course no new proof of the 
impossibility of this kind of perpetual motion, because the 
assumption of this impossibility is the foundation of the 
argument of this chapter. But the example serves to shew 
that this impossibility is intimately connected with the di&i 
fusive nature of heat. 

384. All this has been clearly shewn by Professor Sir W. 
Thomson, to whom the principle of the dissipation of euei^jr 

He has shewn that when mechanical energy is transmuted' 
into heat by friction or otherwise there is always a degrada? 
tion in the form of the energy; and inasmuch as this heat 
cannot be entirely converted back again into work from its 
tliffusive nature, the -final result of continually converting 
mechanical motion into heat will be that ihe amount of me- 
chanical motion obtainable from the system will be always ] 
growing less, until ultimately all the energy has taken the j 
unavailable form of equally diffused heat. 

That this form of energy is unavailable will be acknow- 
ledged at once by recalling to mind the statement that 
to get work from heat you must have bodies of different 
temperatures. 

385. Suppose now that we have a ton of water at loo^C,. 
while all the other substances around us are at 0°, we have 
in this ton of water an instrument capable of affording u& n 
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certain amount of mechanical' vork by using it a 
of a perfect engine. There is a certain amount of araikilt 
work in this ton of water, and do what we may we cannot 
get it to give more, although it may very probably, if im- 
properly used, give less work. It would appear that by no 
artifice can we increase this amount any more than we can 
increase the available work of a head of water of given 
contents and height of fall. 

It might perhaps be thought that this would be possible 
if we could convert the heat of this water into the potential 
energy of chemical decomposition ; could we not use il 
to decompose a certain amount of some compound sub- 
stance whose components have a great attraction for one 
another, so that by the reunion of these components a 
very high temperature might be produced; the Ileal of 
ioo°C would thus be converted into heat of a higher tem- 
perature which would be more availalle r' or might not 
the radiant heat from the water be used to produce somt 
kind of chemical decomposition, and thus the same result 
be obtained ? 

It is believed that any such result is, to say the least, 
unlikely i in fact, it has been remarked by Thomson that an 
intimation tn this effect seems to be given by nature, for wc 
have no reason to think that either absorbed or radiant heal 
of low temperature is capable of producing powerful chemical 
changes of this nature. 

There is no reason to think that this stratagem of bringiDg 
in chemic.il decomposition will increase the an 
able work to be obiained from one ton of hot water, andill 
our ignor.mce of the ultimate constitution of mailer i 
appear that the principle of the degradation and disi 
of energy, just as that of the conservation of energy, she 
be recognized as a principle having very strong claim t 
iiecoij-nition, and as increases ftvese tNivros. w«(i 4a?i\^'^ 



\ new fects which its employment as an iiistrumenl of research 
istantly bringing lo light. 
At the same time it is but just to state that the principle 
of the conservation of energy is at present more fully 
established iban that of the dissipation of energy. 

388. Regarding, therefore, uniformly diffused heat as a 

form of energy utterly unavailable, and regarding mechanical 

fflergy as uhimately tending to assume this degraded fona 

5 reduced by friction, percussion, or otherwise, the 

arises, Are there any influences at work tending thus 

t degrade the motions of the universe ? Now we know 

y we!l that all motions on the surface of our earth ulli- 

tely tend to be dissipated and converted into equally 

ised heat ; we know also that the heal of the sun and 

8 tends to assume this degraded form ; but does the same 

lODing apply to celestial motions ? This leads us to ask 

Vtfiere is a material medium pervading space ; and also if 

p have any reason to believe its properties to be such that 

nething analogous to friciion takes place : if so, the result 

old appear to be the conversion, at a rate more or less 

, of the mechanical energy of the universe into the 

raded form of diffused heat. 

^87. Medium pervading space. We li.^vc several 

s for assuming the existence of such a medium. 

i The various phEenomena of light are best explained on 

mppositioti that this agent consists of undulations in a. 

Sum pervading space. 

f The continual shortening of the path of Encke's comet 
i perhaps lead us to the same conclusion ; that is to say, 
pbelief in the existence of a material medium pervading 

J We may here allude lo certain experiments perfonned 

by the author of this work and by Professor Tail, in which & 
disk of metal or of ebonite was made to totsAft ■Kx'iv ^^eaJt. 
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rapidity in vacuo. In consequence of this rotation ihe sub- 
stance of the dislt was found to be perceptibly heateii, and 
the healing effect appeared, in. part at least, to be independent 
both of llie chemical nature and of the pressure of the 
residual air which remained in the vacuunj chamber. 

4. The theory of energy affords us a proof in &vour of 
the existence of a medium capable of ultimately stopping all 
differential motions. 

For let A B (Fig. 80) represent an enclosure of constant 
temperature, say o°C, and Ca 
black body in this enclosure, 
of the saime temperature a* 
the enclosure itself, and in 
rapid motion about an axis in 
the direction indicated by ihe 
arrow heads. Let D repre- 
sent a diaphragm which ex- 
tends from the walls of the 
enclosure nearly to the re- 
volving body. Further, let nt j 
> gas, and nothing but the ethereal 
;, and that the experiment is carried ' 
on in some space devoid of the gravitating influence of » ■ 
large planet like the earth ; in fine, let us suppose the 
interior revolving body to remain suspended in the mida 
of the enclosure. Let us now consider that portion of 
the walls of the enclosure immediately to the left of 
the diaphragm, and let us suppose that it consisU of » 
stratum of colourless glass. At the moment of commencing 
the experiment we have supposed everything {enclosure, 
body, and diaphragm) to lie of an uniform temperature, aC; 
now it is easy to show that this equality niU not continue 
For (Art, 239) we ha.ve seen that die nature of the h«^ 
xadialed hy the revoVvmg \)oiy G ^"tivtV 'wife. -mjo*. ■&« '" 
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to the left of the diaphragm will be altered in wave length 
by the rapidity of revolmion of this body, for owing to the 
interposition of the diaphragm all the particles of the re- 
volving body that radiate towards this glass are at the same 
time rapidly approaching it. As far, therefore, as this glass 
is concerned the average wave length of the radiation from 
C will be less than had the body been at rest, and we may, 
as far as our argument is concerned, suppose the rotation to 

' be so violent that the low temperature heat radiated by the 

I revolving body towards the glass is so much shortened in 
wave length as to he changed into a kind of heat, which is 
not absorbed by the glass but passes through it. On the 
other hand, the heat radiated by the glass will (Art. 193) de- 
pend only on the temperature of the glass, and will not 
be influenced by the revolving body. The glass will thus 
radiate more than it absorbs, and its temperature will in 
consequence fall. The equilibrium of temperature with 
which we started will thus be speedily destroyed and the 

, various parts of the enclosure wili be of different temperatures. 

' But in this case it is possible by appropriate machinery to 
convert part of this heat of various temperatures into work, for 
as soon as we have two temperatures a heat engine becomes 
possible. Now can we suppose an indefinitely large amount 
of additional mechanical work to be produced from a series 
of bodies, all of which are to begin with at the same 
temperature ? We think not — the theory of energy forbids 
the supposition ; yet this is what will take place under these 
easily conceivable circumstances, unless we suppose that the 
central body has meanwhik lost a portion of its energy of rotation 
sufficietil, at any rate, to make up for the additional work which 
has been produced. In other words, we are driven to suppose that 
a body moving through ether, in such a manner as to change 
its position with regard to neighbouring bodies, will ultimately 
have its differential motion stopped by means of the medittTOL^ 
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If, therefore, there be a resisting medium of tliis nature 
pervading space, the visible motions of the universe miisl 
gradually be lessened in consequence ; unless indeed wc 
assume the existence of some unknown completely restorative 
process; but such a process is inconsistent both with the 
principle of the degradation of energy, and also wiih the 
shortening of the path of Encke's comet, whatever weight 
this may have. 

Tliere can, in fine, be little doubt that, if we suppose 
the principle of the degradation of energy to hold throughout 
the universe, it implies an element of decay, in the present 
order of things, and the final transmutation of all available 
energy into uniformly diffused heat, unless we suppose tlie 
constitution of the universe to be such that this process a( 
degradation will last an infinite time. 

For a clear statement of this subject we may refer OUT 
readers to a treatise on 'Thermodynamics' by Profcssof 
Tait. 

Soi-RCEs OF Energv. 

3S8. Let us now consider shortly the various supplies of 
energy of different kinds with which we are furnished, and 
also the ullimak sources of these supplies. 
Of potential forms of energy we have — 
I. The potential energy of fuel, 
a. The potential energy of food. 

3. The potential energy of a head of water. 

4. The potential energy derived from the tides. 

5. The potential energy of the chemical separaiiori 

implied in native sulphur, native iron, &c. 
Then, with regard to kinetic forms of energy, we have— 

6. The kinetic energy of air in motion. 

7. The kinetic CTicvg^ ot wa-to wv molJon. 
. S. We may add IQ tV\\s ciU\o%\ie 'Owi S\ksx ^x-^* <* 4 
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sun which are available for certain purposes 
also 
[a, The euergy that may be derived from the unequal 

temperature of different parts of the earth. 
189. Fuel and food. The potential energies of fuel 
and food are of essential importance to our existence. 

By fuel wc mean certain substances which are capable of 
combining with oxygen, and of supplying us as they so com- 
bine with a large amount of heat of high temperature. 

Coal is the most important of such substances ; and we 
can ennploy it either to warm ourselves and our habitations 
by means of the heat which it produces, or as an agent for 
generating mechanical effect in our various heat engines. 

When we come to consider from what original source of 
energy the chemical separation of fuel is derived, we see 
that it is due to the sun's rays. These rays acting upon the 
leaves of plants produce those decompositions which form 
fiiel. The energy of the sun's rays have in fact been trans- 
muted into the potential energy of chemical separation. 

This fact seems to have been recognized at a compara- 
tively early period by Hersche! and the elder Stephenson ; 
'and a curious tale is current about the latter, who, though 
well aware that it was the sun that drove his engines, could 
not give a very clear explanation of the subject j nevertheless 
the statement is undoubtedly true. 

It is indeed true that the rays of the sun acting upon the 
leaves of plants in those remote ages when coal beds were 
being formed have laid up for man a stock of energy of 
inestimable value. 

Food has the same origin as fuel, with the exception that 
vegetable food is being produced by the sun year by year, 
while the greater portion of our fuel, as we have just seen, 
has been produced ages ago. And here we may remark a 
very prominent distinction between \egeM\>\e^ isii ^issKiit. 
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as regards energ}-. Vegetables serve to transmute the energy 
of the sun's rays into fuel and food. Animals, again, consume 
this food and transmute it partly into useful work but partly 
into the degraded form of dififused heat. 

Joule, Carpenter, and Mayer seem to have been aware of 
the restrictions under which living beings are placed by the 
laws of energy, and to have seen that the power of an 
animal, as far as energy is concerned, is not creative but only 
direciive, 

A clear view of this subject was probably also held by 
Rumford. Finally, Helmholtz has treated thi& question, 
as well as the whole subject of energy, in a very able 
manner. An animal is in fact an engine, and just as 
an engine must be fed with fuel, so an animal must be fed 
^ith food. 

380. Head of wa4;er. We thus see that the sun's rays 
are the ultimate source of fuel and food, and we have no 
difficulty in recognizing the same cause as the origin of the 
energy derived from a head of water. It is the sun that 
produces rain by promoting evaporation ; his energy is con- 
sumed in lifting the water of the earth to a higher level, and 
we are thus enabled to make use of the potential energ}' of 
this elevated water. 

391. Tidal energy. The energy capable of being de- 
rived from the ebb and flow of the tides has however a 
different source. 

This was recognized by Kant ; Mayer also and J. Thomson 
(the former of whom was the first to give his conclusions a 
general publicity) shewed that the ebb and flow of the tides 
being due to the earth's revolving on her axis under the 
moon's force, the energy of the tides is reaUy taken from 
the energy of the earth's revolution ; part of which is thus 

" ' nately dissipated in the heat of friction caused by the 
and the asttoiiom\ca.l ^haenomenon known as the 
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secular acceleration of the moon's mean motion is now sup- 
posed to be partlj' caused by a very slow lengthening ouf 
of the sidereal daj' caused by loss of the earth's motion of 
rotation from this effect of the tides. 

It is clear that this action would be arrested when the 
rotation of the earth was so much diminished that she always 
turned the same face to the moon, for then there would be 
1 lidal ebb and flow and consequently no friction ; and 
pofesaor Frankiand in a lecture at the Royal Institution, 
(. well as Thomson and Tail in their treatise on Natural 
jpjlosophy, have independently remarked that the much 
: powerful influence of the earlJi upon the fluid matter 
% die moon during the course of ages has probably stopped 
; rotation of our satellite so far as to cause her always 
B-present the same face to the earth: We thus see that anyi 
we derive from tidal action is abstracted from tho' 
n of rotation of the earih. 
902. ITative sulphur, &o. The potential energy of the 
nicai separation implied in native sulphur, iron, &c., is, 
may be, ihe primeval form of energy, but the amount of 
t energy so far as we know is very small, though the 
jior of the earth may be wholly made up of matter in an 
sombined form. As a source of energy it is at present 
importance. 

. Air and water in motion. The kinetic energy 
in motion, and the kinetic energy of water in motion, 
Bboth chiefly due to tlie sun. 

084. Unequal temperature of the globe. Little energy 
ikely to be derived from the unequal temperature of dif- 
ferent parts of ihe earth, for such differences of temperature 
are comparatively small, and consequently only a very small 
proportion of the whole amount of heat transferred from the 
higher to the lower temperature can be turned to practical 
account. 



396. Now if we group together the really serviceabd 
members of the list of sources of energy, we find I 
they consist of the potential energies of fuel, of food, 
a head of water, and of tidal ebb and flow, together \ 
the kinetic energies of air in motion and of water 
motion. All these either are or may be of immense sen 
lo man. 

306. Coal. Of the different forms of fuel coal is cm 
the most important, and the eshaostion at no very disl 
date of this source of energy has been of late very much I 
very properly <Iiscossed. 

There appears to be .little doubt .that the progress of cii 
sation forces us to draw each year more and more larg 
upon .our stores of coal, and there is no doubt that wl 
once the d£;posits near the surface have been exhaust 
those at a greater depth will have a much smaller i 
value. 

For the time, the capital and the labour spent in bring 
a ton of coal from a great depth to the surface ultima: 
resolve themselves into so much available energy speni 
accomplishing this : now if a considerable portion of 
available enerj^y of a ton of coal is spent in bringing it 
the surface, tlie ultimate value to us of this ton of co 
greatly impaired. 

If the question be asked, What shall we do when 
fails? the only reply is. Make as much use as possible 
water and tidal power, and of the energy of air and wftierj 
motion, and plant trees. 

It is dilficult to think of anything else, or to deny the 
that, as far as wc are able to judge, the exhaustion of 
coal beds will be a very serious loss of power. 

3B7. The Bun. It thus appears that if we except 
power, the sun'a tays a^e vW \i.l\.\.m^iLe source of tlie ivail 
forms of energy wilh wYutAv -«e Mt ^.wnwiaiti. 
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We cannot, therefore, do better than direct atleiition lo 

this most wonderful source of energy. 

We remark, in the first place, that the sun's radiant light 

and heat are not perhaps the only kind of energy which 

we derive from our luminar)'. 

It has been discovered by Genera.1 Sir E. Sabine that the 

various disturbances of terrestrial magnetism are connected 
^rith the state of the sun's surface, but probably not due 
^b^SS radiant heat and light*. Now these magnetic dis- 
^^puices are invariably accompanied by the aurora borealis, 
HM also by currents of electricity in the surface of the earth, 
' or earth -currents as they are called. 

It would appear, from an investigation by the author of 
( this work, that earth -currents and probably aurorse are to 
' be regarded as secondary currents due lo small but rapid 
' changes in the earth's magnetism, and that tlie body of the 

earth may be likened to the magnetic core of a RuhmkorfFs 

machine, the lower strata of the atmosphere forming an 

insulator, while the upper and rarer, and therefore electri- 
■ cally conducting strata, may be likaied to the secondary 

Iooil. 
In diia analogy the sun may perhaps be likened to the 
I primary current which performs the part of producing 
changes in the magnetic state of the core. 

But in the RuhmkorfTs machine the energy of the se- 
condary current is derived from that of the primary current. 
_^ If this analogy holds good the energy of the aurora borealis 
may in like manner come from the sun ; but in our ignorance 
of the method in which the sun affects terrestrial magnetism 
this may be considered to be somewhat doubtful. Be this 

• Mr, J. A. Broun his likewise traced an effect on Ihe eJith's magnetifm 
ipptwnlljr connected with the sun's rotation. Furthermore, Mr. Meldruni 
of the MauritiuB Obicrvatory has traced a conneciinn between the number 
of cydoun lin the Indian Ocean and the number of spols on the su>\\ 
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as it may, the radiant heat of the sun constitutes by Fajp 
greatest part of the energy which we receive from him, : 
it has for a long time been an object of speculation from 
what source the sun derives his light and heat '. 

388. Actinometrie observations. In the first pbce, 
let us briefly allude to the attempts that have been made to 
estimate the amount of the sun's radiant energy, and then 
let us attempt to speculate on its most probable source. 

Instruments for measuring the intensity 
radiant heat have been devised by Herschel and FouiU 
The instrument of the latter he calls a pyrbeliometer. i 
it is constructed on the following principle : — 

A shallow cylindrical box (Fig. 8i) made of iron i 
is filled with mercury. Into this box, and therefore into I 
mercury, a thermometer is introduced, the stem of vbicl 
suitably protected. 

At the other extremity of the instrument we have a, t 
of the same diameter as the bos. 

Now if the instrument be pointed in such a maimer I 
the shadow of the box, thrown by the sun, coincides i 
the disk, then we may be sure that the sun's rays impin 
perpendicularly on the surface of the bos. 

The experiment consists of three parts — 

First, let the instrument, sheltered from the sun, be p 
mitted to radiate its beat into the clear sky for five mini) 
Let the heat lost be r. 

Next, let it be turned to the sun for five minutes. 
heat gained be Ji. 

FinaUy, let it (at its increased temperature) be allowed 
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Tadiate into the clear sky as before for five minutes, and let 
tJie heat lost be /, 

Now, since r denotes the radiation into clear sky before 
Seating, and r' the same after heating, the radiation into the 
■clear sky during the heating will be very nearly a mean be- 



but it is evident that this radiation i 



nreen the two, or ■ — — ; 

hkes place even when the instrument is receiving the sun's 
ays, and tends therefore to diminish the heating effect pro- 
i by these rays. 




Observations have been made by Herschel and Forbes 
[%ith Herschel's aclinometer, and by PouiUet with his own 
'instrument. 
■ c c a 
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From al! these observations it is probable that, taking d«f 
earth's hemisphere which is illuminated, one half of the 
radiant heat of the sun may perhaps reach the grounti, liif 
other half being: absorbed by the atmosphere. Taking thu 
into account, and imagining for a moment that the eani : 
has no atmosphere, it is calculated that the amount of soUr 
heat received by the earth in one year would liquefy a layer 
of ice, loo feet thick, covering the whole surface of the 
earth. 

If we bear in mind that the solar heal wliich reaches the 

earth in any time is only of the heal \ 

leaves the sun, we may obtain some idea of the < 
heating power of the radiatEon from our luminary. 

309. Origin of the hub's heat. The most plao 
theory of the origin of the sun's heat is that which s 
that the primeval potential energy of gravitation has ll 
converted into heat for the sun's particles. 

The rudiments of such an idea seem to have occt 
Mayer and to Waterslon; but HelmboUz and Thomson i 
worked it out in such a manner as almost to protwl 
there is no other known power capable of producii^ s 
stupendous result. 

According to this theory we may imagine the p 
matter when originally produced to have been at a 
from each other, but endowed with the power of gr 
fonning in fact a chaotic mass. 

As these particles rushed together heat would be g 
just as when a stone is hurled from the top of a p 
heat is the ultimate form into which the potential ener] 
the stone is converted. 

It is probable that this cause, by storing up an i 
heal in the sun, is s\jffic\en\. \o attcniW, fet his t 
ouipouring of light and \iwH.iM™^i\'^%^«iwaA« 
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We are ihus )ed to regard our own sun and other suns, 
n fact the whole visible universe, as an existence which 
iginning in a chaotic state of particles endowed 
Wth gravitating force, and which will come to a termination, 
tt least as far as useful energy is concerned, when the heat 
» which the other forms of energy are being gradually 
sonverted shall have been equally diffused throughout the 
nrhole mass. 

It ought however to he home in mind, that our knowledge 
wf the laws of matter is in reality very limited. 

Concluding Problems. 

I 400, Before concluding this treatise let us bring before 
r readers a few problems connected with the dynamical 
3Qry of heat. 

401. EfiTeot of preeBuro in lowering the freezing- 
point of water. In a previous part of this work (Art. 92) 
it was mentioned that the application of pressure lowers the 
freezing-point of water, and that Professor J. Thomson 
' was the first to suggest and prove that this would be the 
tase, while the experiment was first made by Professor Sir 
W. Thomson. 

The following explanation of this effect of pressure upon 
ice is that given by Professor J. Thomson. 

Suppose we have a quantity of mercury constantly kept 
at o^C as our source of heat, and also a quantity constantly 
; kept at — T°C (r being small) as our refrigerator. Suppose 
also that we have a cylinder, of which the sectional area is 
I one square m&tre, and that this cylinder contains one cubic 
mbtre of water at o°C ; the water will thus bo one mfetre high 
I in the cylinder. Suppose now that a pressure equal, let us 
say, to one atmosphere of 760 niillimfetres of mercury - 10333 
■ kilogrammes {Art. 332) is placed above fee ^Mil-iRft cA ■&!!& ' 
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water in this cylinder, and imagine, for the sake of simpH 
that the specific heat of the materials of the weight 
of the cylinder is exceedingly small, so that if heate 
cooled it is merely the specific heat of the water tha 
have to consider. 

Let this arrangement be now used as a heat engine, 
let us first suppose that the cylinder is placed in the 
cury at o*^C. Let it next be taken out of this mercury 
contained water being unfrozen) and plunged into the 
cury of the refrigerator at — t°; the water will in coun 
time be frozen, and while fireezing it will expand and fi 
occupy 1.089 cubic metres; hence the weight of u 
kilogrammes will have been raised nearly .09 m^tre. 
pose now that the cylinder is again transferred to the 
cury at o°C, the ice in the cylinder will in course of tim< 
come water and occupy once more its old level one e 
high in the cylinder. There will thus be a void space i 
to .09 of a metre, through which the weight may be mac 
fall, thus doing useful work when the process of meltii 
finished. We have thus obtained work = 10333 x -^9 = 9 2 
kilogramme tres for every cycle of operations. Now di 
each cycle it will be seen that an amount of heat equal t 
latent heat of fusion of a cubic m^tre of water is com 
from the higher to the lower temperature. We thus 1 
the quantity of heat conveyed from the source to the re: 
rator as well as the quantity of work done. But we 
know that this arrangement (Art. 334) cannot possibly 
us more work under the circumstances than a perfect en 
in fact we shall see at ilast that the arrangement is a p< 
engine ; hence it follows that there must be a certain diffei 
in temperature between the source and the refrigerator, 
difference ^of temperature is easily found. 

The latent heat of fusion of a kilogramme of ice (Art 
« "So heat umts, aivd Vveivc.^ \)cv^.\. ol -a. ^\3fo\c m^tre of ¥ 
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looo kilogrammes, will be 80,000 heat units. l^Iultiplying 

( by their mechanical equivalent, or 424 (Art, 328I, we 

i the total amount of energy transferred from the higher 

lower source during a complete cycle to be 33,920,000. 

e have seen that during this process mechanical energy 

1.97 is obtained. Now we know by Art. 346 that in 3. 

ict engine the energy utilized bears to the whole energy 

; heat carried from the source to the refrigerator the 

i proportion as the temperature difference between the 

refrigerator does to the absolute temperature of 

:ice 272° (Art. 343) is the absolute temperature 
wnding to o^C, we have the following proportion — 

.,000:929.97 :; 272 :r; .-. r = .qo75°C. 

ff if the pressure under which the water expands into 

i doubled or become two atmospheres, twice as much 

i will be done by this arrangement and twice the above 
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If two bodies, such as water and mercury, be broughl J 
together, and if neither parls with any of its heat L 
other, then each of these two bodies is of the same temp< 
ture. If the water parts with some of ils heat to the t 
cury, the water is said to be of a higher temperature than i 
mercury. On the other hand, if the water receives heal fi 
ihe mercury, then the water is said to be of a lower tempt 
ture than the mercury. 

It will be seen that this definition of temperature 
similar to our definition of hardness. If when two t 
are brought togetlier A scratches B, then A is said \Q, 
harder than B; but if B scratches A, then B is said I 
harder than A. 

Now by means of this definition of temperature c 
hardness we are quite able to construct a scale of temp 
ture or of hardness in which we are certain ihat a I 
having a definite place in the scale shall be less hot or 
hard than that above it, but more hot or more hard t 
that below it. We may be able to do all this without at 
same time being able to estimate either temperature or h 
ness quantitively, and without being able to say that 
temperature or hardness of a certain body is precisely ta 
way between the temperature or hardness of two CM 
bodies, 

It may, however, be asked, Do we not then measuie V 
perature by means of thermometers ? To this it may be' 
plied, We do not measure temperature: by liquid then 
meters we measure expansion ; by the air iherraoni 
either expansion or pressure. 

We insert a liquid into a glass envelope, and finding l^tT 
it increases in bulk a certain amount between o" and loO'C, I 
we assume that half the increase of bulk will denote a 
pe/aiure half-way between fcese Wici ■^ovwva. 

We (hen try diffetenl \Vc\u,viis atii ■la'ilt-^ ■Cna'sw.w 
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thermometers, but finding they disagree slightly among 
themseh'es, we pronounce them unsatisfactory. 

We then try permanent gases of sufficient tenuity, and 
0oding that while they all slightly disagree with liquid 
thermometers they quite agree amongst themselves, we 
consider them satisfactory. 

403. Before proceeding further it is well to observe that 
some very eminent scientific men have supposed that out 
subdivision of a certain temperature difference is in the 
nature of things arbitrary, and that all we can do is to sub- 
divide this difference between two temperatures by means of 
a certain instrument which may be easily reproduced and 
always remains comparable with itself. Thus, for instance, 
if we can blow bulbs of invariably the same kind of glass, 
these when filled with pure mercury will form thermometers 
always comparable with themselves, and will thus afford us 
a thermometric scale. But if we (ill these bulbs with water 
instead of with mercury, we produce another set of thermo- 
meters also comparable among themselves, but not quite 
comparable with the mercurial thermometers. 

It may be asked, Which of the two are we to adopt p 

It may also be asked, Even if our mode of subdividing a 
temperature difference be essentially arbitrary, may not some 
one conventional mode be better than others? 

Now if we take permanent gases of sufficient tenuity we 
know that by their means we can produce thermometers 
comparable with one another, even although we vary the 
nature of the gas. In such thermometers we measure 
either the volume of the pressure of the gas. But if instead 
of measuring the pressure or the volume we measure the 
quanlily of heal that mlers into our gis on the convention 
diat equal increments of heat denote equal increments of 
temperature, we here obtain a scale precisely the same aK'j 
that obtained by meaauring the vo\iime cfc xVe ^x«3s>a^ 
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the gas, since the specific heat of the permanent gases 
remains constant. 
I Yet, again, Professor Sir William Thomson has shewn 

that if we measure a temperature difference by the proportion 
of a certain quantity of heat Q, passing from the higher to 
the lower temperature, that is capable of being converted into 
mechanical effect (Art. 34(1), we obtain a temperature scale 
I holding for all bodies, whether liquid, solid, or gaseous, and 

also precisely the same as that of the air thermometer. 
I Finally, in the case of gases of which the molecular con- 

stitution is comparatively simple we have some grounds for 
supposing that we have at length succeeded to some extent in 
ascertaining what kind of motion constitutes heat. Accord- 
ing to this 'theory, which has been lately greatly develop>e<l liy 
Clausius and Clerk -Max well, the particles of gases are sup- 
posed to be in continual motion backwards and forwards OQ 
account of the heat they contain ; in fact, ihey knock agitiiui 
the sides of the containing vessel, and it is this knocking tkal 
constitutes the pressure : also on this account they tend to 
intermingle with one another even against the influence of 
specific gravity, and it is this which constitutes gaseous diffu- | 
sion. We thus see why the pressure of a gas increases when { 
it is healed. ' 

404. Molecular theoir of gases. Here it may be '^ 
to consider some of the chief results of the theory [o which 1 
allusion has just been made. For further information the 
reader is referred to Professor ■Clerk-Maxwell's book on the 
iheory of heat. 

The dynamical theory of gasea was first suggested by 
Daniel Bernoulli, and was afterwards extended by Lesagv, 
Prevost, Herapath, Joule, and Kriinig, but we are indebted to 
I Clausius and especially to Clerk-Maswell and Boltzmann for 1 

^^^^e great development "wYttcb \\aa ^ecawV'i'i Viten \)lace. ^H 
^|l405. It is assumed In tos iheo^-j 'ii»W- !&.>»£&!» fsmi^H 
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molecules with spaces between them of a greater or less 
extent. The structure of matter is thus a grained one, and 
we have even some reason to believe that we have been 
able to form a rough estimate of the size of these grains. 
The molecule is the smallest part of a substance that is 
capable of possessing all the chemical properties of the sub- 
stance; thus a molecule of chloride of sodium is still chloride 
of sodium, but if we suppose it to be further divided it will 
split up into two distinct things, namely, chlorine on the one 

id, and sodium on the other. A single molecule may, 
and generally does, consist of various portions of matter, 
these being bound together by chemical forces, and bound 
together in a very strong way. In solids, besides the forces 
which bind together the various constituents of molecules, 
there are also strong forces, binding together the varioiis 
whole molecules, and these forces are comparable in inten- 
sity, it may be, lo the forces which bind together the carioua 
parts of a single molecule — from which it follows that in 
solids there are definite and in general very narrow limits to 
the excursions of the molecules. 

In liquids, however, there arc fewer restrictions to such 
excursions, while in gases a molecule has very great freedom 
of motion. Therefore in a heated gas we may imagine 
a molecule in virtue of the motion whose energy we caM 
heat to move a considerable distance before it encounters 
another molecule — in other words, lo have a comparatively 
great free path. For the greater part of its excursion such 
a molecule may be supposed to move in a straight line, but 
ultimately it encounters either another molecule or the side 
of the containing vessel, and the result is a change in iU 

408. The number of such molecules being very great it. 
is impossible to keep a record of the varying parts of the 
path of nay one individual, so that, m =X»4'j\'wj, 'fcR'Sfc 
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counters and their results, we must resort to the staiistic 
method of inquiry by which we may often obtain very g 
knowledge of the laws that regulate communities while 
are }et in profound ignorance of individual experiences. 

407. Now a little consideration will render it evident il 
in this molecular warfare the tendency is not to a imifofl 
distribution of velocity among the particles, and thai if ' 
imagine such a state to exist for one moment the i 
moment il would be destroyed. For one particle may ha 
its velocity entirely slopped by an encounter, while anotl 
moving previously with a very great velocity may nevt 
theless have its velocity increased by an encounter at r 
angles, 

408. Nevertheless there is a tendency towards a c 
average velocity among the particles, because, if we 
dealing with gas of constatit temperature il is clear t 
the whole amount of molecular energy remains constant 

We cannot therefore imagine that a considerable l 
portion of the particles can have at any moment a veloc 
differing very greatly from the average, as for instance 
very small or very great velocity. In fine there must 1 
few particles that at any moment possess a velocity g 
differing from the average compared with the number ll 
possess a velocity nearly coinciding with the average. 

409. Now inasmuch as wc are pursuing the statistic 
method of enquiry, let us distribute the molecules i 
groups, according to the vel&city with which they are mot 
—each group comprehending velocities between ceri 
limits. 

Doubtless if we take a very great (almost infinite) numb 
of groups and regard each for an exceedingly small intcn 
of time il may chance that the number of molecules belot 
10 the group may va.1^ (toTtvowewvowit\iV\!aaiKither. 
■egard only a 6mW, \.\vqm%V \M%t tsmJoss ^A ifl 
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and study each for considerable successive intervals of lime, 
BQch 3S minutes for instance, there is then no reason why 
the number belonging to such a group should be greater 
during one minute than another. The law however of the 
distribution of the velocities amongst the various group>s of 
molecules is given by means of a mathematical investigation 
which we cannot here reproduce. 

410. Again, since it is the energy or vis viva of the 
whole system that remains constant, and since energy is 
proportional to the square of velocity, in our investigations 
it is best to consider the mean of the squares of all the 
velocities — this is called the Mean Square of the velocity, and 
its square root is called the Velocity af Mean Square. 

411. One of the most important questions is to determine 
what will happen when in the same vessel we have two 
different kinds of gas, the molecules of which have different 
masses. 

Now it may be shewn by means of the same mathematical 
investigation which gives us the law of distribution of 
velocities where we have only one kind of molecule, that 
when we have two kinds the average kinetic energy of 
agitation of the one set will be equal to that of the other. 
In other words, if we have the same number of molecules 
of both kinds thus existing at the same temperature, then 
the one set will have the same kinetic energy of agitation 
as the other. We cannot however reproduce this investi- 
gation here. 

412. The dynamical theory gives us an easy explanation 
of the pressure of a gas. 

Let us begin by imagining a plane surface of unit area 
to form part of the enclosure of a vessel containing gas. 
Again, let .us takie those molecules of which the velocity- 
ponent differs very liide from « in a direction perpendiculaB 
to, and moving- iowards this surface, ai\4 \«i. 
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by the letters v and ui all velocities in two other direc- 
tions parallel to the plane and perpendicular to each othw. 
Let tis suppose there are 2^ such molecules in every uni] 
of volume and that the mass of each is M. Then evidendjj 
a number of such molecules represented by IVu will strike 
this area in unit of time, and the resolved portion of the 
momentum of each in a direction perpendicular to the i 
will be Mu. Hence the momentum due to such moiecula 
reaching the area and striking against it will in unit of "'"" 
be Mm\ 

413. Now if we perform the same operation for eveq 
other group of molecules moving towards the surface plant 
we shall obtain a sum which we may represent by Jlfs {Xm* 
as denoting the whole momentum that impinges pcrpea 
dicularly against the plane in tmit of time. 

Again, since (he elasticity is supposed to be perfect in 
molecular impacts we are now considering, we may 
the impinging particles to rebound from the enclosure and 
form in consequence of this rebound a current of particlct 
commg from the enclosure, the vis viva of the 
rent being the same as that of the advancing current, but til 
resolved portion of the velocity in a line perpendicular to tbi 
enclosure being reversed in direction. That is to say, iM 
action of the enclosure has not only stopped the advancing 
particles but reversed their momentum. This corresponds U 
a pressure against the enclosure represented by twice di 
momenium or by 2JI/S (Nu% 

414. Here let us pause for a moment, and consider I 
result to which we have been led. 

Taking a plane surface perpendicular to the direction 
one of the components u, and considering the molecotai 
that were moving towards this plane, we have obtained 
for the pressure. We find that 
Presavwe ot p = a M^l^Nu^'^-, 
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or in other words 

p=2M{N,u,' + N^u^^ + &c. &c.}. 
Now had we taken a similar plane perpendicular to the com- 
ponent a we should have obtained another expression for the 
pressure as follows — 

fi = 2M{-IV\ i',' + iV/i'j= + &c. &c.}, 
and another similar expression might be obtained for the 
component !v. But when a gas is at rest the pressure is 
equal in all directions, and hence the first of these expres- 
sions must be equal to the second and the third. And not 
only nntst this be so, but likewise must N, for unit of 
volume (for a cubic inch for instance), be the same for v and 
w as for u — when 71 01 w happens to be equal to a; that is 
to say the number of molecules in unit of volume that have 
a given velocity-component in one direction is equal to the 
number of molecules that have the same velocity -component 
in any other direction. 

Now the expression Ms (iVF") may be taken to repre- 
sent for unit of volume the sum of the [woducts of the mass 
of each molecule into the square of its total velocity, if we 
regard only those molecules that are moving towards the 
surface-plane not those that are moving from it. But the 
square of the total velocity, or V^,^:^ + v^ + w''. Hence 
it follows that 

Ms{NV') = M{Nfi^^ + &c.} + 3f{N\p,^ + &c.} 

+ M{/^'\w^^ + &c.}. 

And since from what we have just said the three right-hand 
expressions are equal to each other, term for term, it follows 
that 

Jt/S {NV) - 3 M{iV,u,' + &c.) = 3 Af^ (Au^). 
Hence 
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Again, the m^an square of the velocity (art 410) is evidently 
found by diN-iding M'S, (NV^) by the total mass, that is 
to sav, calling bv V the velocity of mean square, 

- AfM^n 

' " M2{N) ' 
from which it follows that 

p - -J/2 (NV*) = -M2 (iVO F«. 
3 3 

Here J/ is of course the mass of a molecule, while 2 (N) 

represents the number of molecules in unit of vohime, of 

which the motion is at any moment towards the enclosure. 

But since as many are obviously moving from as towards 

the enclosure, it is evident that J/2 {N) represents only half 

the mass in unit of volume. Hence calling p the density or 

total mass in unit of volume we have 

/>=ipf«. (I) 

Thus, 7c/n7i the temperature of a gas remains constant the 
pressure varies as the density, which is only another way of 
putting Boyle's law. 

415. Again, if v denote the volume of unit of mass, we 
have 

p = - • Hence pv-- F*. (2) 

J, 3 

But the product of the pressure and the volume is pro- 
portional to the absolute temperature, as already defined in 
this treatise. Hence we see that the nuan square velocity 
and there/ore the energy* of agitation is proportional io Hu 
absolute temperature. 

416. Again, it has been already stated (ArL 411) that if 
we have the same number of molecules of two different kinds 
of gas existing in the same enclosure at the same tem- 

»ature, then the one sfeX ^'^ \wj^ xJaa ^•asoft kinetic energy 
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[ of agitation as the other; that is to say, if j1/,, Af^ denote 

tbe mass of a molecule of each, 
I M^ P,» = M^ V^\ (3) 

These two gases are now in thermal equilihrium with the 
Wdes of the enclosure and with one another. If the pressures 
'these two gases be called ^, and ^^i '^^" f''°'° equation (i) 

Now since by hypothesis we have the same number of 
polecules of each gas existing in the same enclosure, the 
•oAty of each will be proportional to the mass of the 
ttcdecule. Hence 

3 ' " '^' 3 ' ' 
foUows from equation (3) that p, =p^, or in other words, at 
Hu same lemperalure and volume, the same number of molecules, 
o/fwo different gases, will produce equal pressures. This is 
the law of Gay-Lnssac. 

417. Again, let us suppose that at d given temperature 
and pressure we have equal volumes of two different gases, 
containing, as we have just seen, the same number of 
molecules of each. Now, let the temperature be increased 
while the pressure remains constant. It is clear that the 
expansion of both must be such that at the increased 
temperature the law of Gay-Lussac will hold and hence the 
two gases will still occupy equal volumes, inasmuch as they 
contain the same number of molecules. In other words, 
the coefficient of expansion of all gases must be the same, which 
is Charles' law. 

418, Besides accounting for these three great laws, the 
f djTiamical theory also indicates the laws of gaseous dif- 
fusion, gaseous viscosity, and gaseous conduction of heat 
In gaseous diffusion we have the toeTt\iasi^ft q1 'bi'!SS&\ 

L "A 1 
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between two contigTious volumes of gas, both, let US itnagiot 
at the same temperature and pressure, and free to mix win 
one another. If their chemical composition be difieKH 
it is well known that a mijcture will take place. If difl 
chemical composition be the same, there will be no perceptH 
change ; nevertheless, according to the dynamical tbeam 
individual particles will be constandy passing from the fil 
to the second, while as many repass from the second to M 
first; but yet we are not able to perceive this, inasmuchff 
we cannot trace the motions of individual particles, and iht 
average qualities of the gas remain unaffected throughooL J 

419. In giisenm visrosiiy we have the interchangefl 
momentum between two portions of gas, otherwise siDafl 
Thus, let us imagine that we have a fixed horizontal plfl 
and a little above it a similar plate in oscillation, — the SflM 
between them being filled with gas. The layers of gas nfl 
the moving plate will move with it, while the layers nexifl 
fixed plate will be at rest, and the intermediate layers H 
have intermediate motions. Now, as the gaseous molecM 
pass between the moving and the fi."ced discs, their lendcH 
will be to carry away part of the motion of the moving fl 
so as ultimately to slop it. Professor Maxwell has shdl 
that, according to the dynamical theory, if we keep to fl 
same kind of gas, the same temperature, and the same toOOet 
of disc, the rate at which the motion of the moving disc a 
stopped will not depend on the density of the gas but will it 
the same, whether this be great or small. Tliis very sinpbi 
conclusion he has succeeded in proving experimentally. 

420. In gaseous conduclinn of heal we have a siinflB 
exchange, only not of momentum but of molecular enen 
We may suppose here that the gaseous particles ply H 
between a moving disc and a fixed one, but between a ■ 
disc and a cold one, lW\t ac't\.Qn xtTi&ft?, \.i. 

peraCures of the two &sca. 
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lere, as before, if we keep to similar discs with similar tem- 
itures, and to the same kind of gas, the total carriage of 
t is found by theory to be independent of the density 
be gas. 

?his conclusion has received a striking illustration by 
ins of the experiment lately brought forward by Mr, 
liam Crookes, in which a torsion balance with a small 
ical disc at each end is suspended in a glass vessel whose 
tents is almost a vacuum. In lliis case, if radiant heat 
upon one of the discs there is repulsion of the heated 
;, which is not apparently rendered less weak, however 
ih the chamber is exhausted. It would at first sight 
n that we have here some effect of radiant heat inde- 
dent of the air inside. This conclusion is however not 
ne out when the circumstances of the case come to be 
mined. In the first place, Professors Tail and Dewar 
E shewn that the result certainly depends on the heating 
me side of the disc more than the other, and that the law 
bat of the inverse square of the distance ; and, in the 
i place, but previously in point of time, Professor O. 
nolds has shewn that the phenomenon follows as a 
It of the dynamical theory of gases. For, in virtue of 
ions conduction heat is carried from the hot disc by the 
icles of air to the sides of the cold glass vessel, and we 
: just said that the total carriage of heat ts independent 
he density of the residual gas. But this means that 
energy of the blows struck by the gas against the disc 
S3 than that of the return blows communicated to the 
as it leaves the disc. 

ow, by the cold particles of air striking the disc it is 
lly bombarded on both sides, but, inasmuch as the disc 
pposed to be heated only on one side, the return blows 
ered by the disc to the gas will be greater on the heated 
But action and reaction being eqvia.\ ijni o^'^'ssa, 
2 



J 



there will tlierefore be a recession of the disc in a direclitiri 
from the source of heat, and the velocity of this recession wS, 
depend upon the rate at which the disc is made by gaseoa 
conduction to part with its excess of heat — a. rale which « 
have just seen to be independent of the density. 

421. Relations between the phyBioal propertieB (t 
bodies. Sir W. Thomson and olliers have made somf 
interesting applications of the dj-namical theory of beat ii 
estabhshing relations between the physical properties of bocBtt 

It has already been proved, Art. 341, that the quotienl 

— is constant for the same temperature whatever be tbi 

di 

substance used. The meaning of j1/ will be understood b) 
referring to Art. 337, from which it will be seen ihaljtf* 
denotes the heat absorbed by a substance of volume v tsi- 
expands at the same temperature / from v to v + ih; itliilei 

again, ■— denotes the rate at which the pressure to which 

the substance is exposed varies with the temperature, A* 
volume being supposed to remain constant. 

422. We remark at once that as the expresaoo 5- 



constant, its 

which its denominator — is also large, or in which ibe 

pressure upon a constant volume increases very rapidly vrilh 
the temperature. This is ordinarily the case in liquid 1 
solid bodies — for we well know that in most cases if'| 
strive to confine a- liquid to the same volume while i 
being heated a comparatively small increment of temp; 
(lire will enable it to ex.«t a.w eti'3(TOc.M&,\" 
pressure against the enveVo^ ^"ti^ tw&Ma, '«_ 
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Case of most solids and liquids therefore M will be very 

, By reference to Art. 342 it will be seen how J/ 
letermined in the case of a perfect gas. In this case 
i previous reason to conclude (Art. 331) that the 
alar heat of the particles of a given mass of perfect 
diose temperature is constant is independent of the 
: of this gas, heing the same for a great volume as 
mail one. Hence it was argued that the mechanical 
lent oiMdv,oT of the heat absorhed while the gas 
1 volume at the constant temperature / from v 
Eife, would be denoted by the work done, that is to 
jF/ dv,p denoting the pressure of the gas. 
I it has been shewn (Art. 422) that for solids and 
tAfdv is in general very much greater than for gases, 
pence JIf dv will represent in the case of such solids 
ilmost entirely the increase of the molecular 
jr of the parrtcles, while the work done, or pdv, will 
I very small fraction of its amount. 
lii. The most convenient way of regarding expansion 
laeter increase of temperature in liquids is to suppose that 
; liquid exists under pressure p (volume =v), and that a 
twofold operation is performed upon it. 

(i) It is allowed to increase in volume at the imifonn 
I temperature / until its volume becomes v+dv and 

I its pressure p~dp. 

(a) It is allowed to increase in temperature at the uniform 

volume v + dv until its temperature becomes i-k-dt. 
Thus in the first of these operations the volume changes 
while the temperature remains constant, and in the second 
Ihe temperature changes while the volume remains constant. 
The increase of volume performed in the first operation, 
.and that of temperature performed in t\ift secQti&,\i'»ie. tsa 
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necessary dependence on one another, so that we may 
the size of dv without any regard to the increment dl 
the same remark applies to ^/, yet it will be convenie: 
suppose that we increase the temperature (from / to /+i 
such an extent that the pressure, which had been red 
from/ to p—dpy has assumed its original value/. 

The final result brought about is in fact the sam 
if we had raised the liquid at once from /to t-^di i 
the constant pressure/. 

425. Suppose that the whole heat consumed in 
forming the double operation is represented by K dt, ' 
that consumed by the first operation is representee 
M dv, and that of the second by Ndt, then we shall 

Kdt^Mdv^-NdL 

(In what follows it will be convenient to consider 
denoting the absolute temperature.) 

We see at once that K denotes the specific heat 
volume V of the liquid under consideration for coti 
pressure at the absolute temperature /, while iV, on the < 
hand, denotes its specific heat for constant volume. 

The above equation represents really the twofold a 
of heat in expanding a liquid. Part of the heat goc 
increase the molecular vis viva or kinetic energy of 
particles of the mass, and this is perhaps expressec 
N dt ; part, again, has disappeared as kinetic energy in 
ing asunder the particles under the force which holds i 
together, and has thus increased the molecular pote 
energy of the mass : this is perhaps represented hy M d 

426. Let us now introduce two additional const 
Let e denote the coefficient of cubical expansion ; th 
to say, the expansion of unit of volume at constant pre! 
at the absolute temperature / for an increase of temper; 

ual to one degree oi \Ja,e \J[i^i\watftfe\x\c:. ^cile* Now i 
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Ihe expansion of volume v for an increase of temperature 

lii is dv, it follows that that for unity of volume is — , and 

: such expansion is in proportion to the increase of 
wperature, we derive e from the following proportion ; 

*,,::*:,; .-. ,.^; .-. it-'^- 

V vdl eu 

In the second place let c denote the coefficient of com- 
pressibility or expansibility of the liquid, which we may 
define to be the increase of volume at constant temperature of 
tmity of volume when the pressure to which it is subjected is 
diminished by unity. Thus we see that when the diminution 
if pressure was dp the increase of volume u was dv. Hence 

It for unity of volume is ■ — Hence 

dv dv rfi; 

Recurring now to Art. 343, we find that 

^ - i 

dt 
But since dp^ — and di = — , it follows that -r ^ -> 

and hence M= — . Thus by knowing e and c we come 
to know M. 
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gain, 


since dt^ 


— , substituting 


in equation (A) 1 
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From this last equation, by knowing K or the i 
heat under constant presstire, we may derive iV, 
specific heat under constant volume. 

428. Suppose now that the substance existing ai t 
perature t and volume v-\-dv is compressed so sudde 
into volume v that no heal is emitted, and let its tempcrai 
become l-\-6 in consequence of this compression, Vili 
the substance expanded from volume v to volume t 
beginning with pressure p and ending with pressure /"I 
the heat which it absorbed was M dv, while during the p| 

cess of expansion the work (^——1 dv was done if " 



Now, again, when the substance is suddenly compi 
it starts with a pressure ^p—dp and ends with i 
= P+-r'S, 30 that the work {p-~-t^-te\ ^j, has I 

done upon the substance. 

It thus appears that during the double operation of ^ 
expansion and then sudden contraction an excess of « 

dp 

has been done upon the substance represented by -^'* 

the heat equivalent to which will be —^-r 8dv= — ffJfe'l 
2jdt -' ■ 

(Art 343) 

To this we must add the heat jifdv, which the subslanct I 

absorbed during its expansion, but which was not given ciS I 

dtiring its sudden contraction. 

Hence altogether we have the heat Afdv (i+ —] tend'^ 

ing to produce the increment of temperature in the s 
stance in question, but since S may be assumed to be v 
comparison wOn 1 ftia Ve«. TOa-^ tie m^te 
M dv. Now N \«ms vVt s^ec&s. \iea. Sjk ^ 
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volume, this increment of heat will obviously raise the 
, temperature by an amount = ; this is therefore the 



1. 



Now in this expression jV and c are always of the same 
sign, that is to say, an increase of temperature of a body at 
a constant volume always implies an increase of heat, while 
on the other hand the diminution of volume of a substance 
at the same temperature always implies an increase of 
■ pressure. Therefore in this expression if e changes sign 
6 will do the same. 

Suppose, for instance, that e is negative, that is to say, let 
fee substance contract as its temperature rises, as in the case 
of water between o°C and 4°C ; we see that in such a case 
its temperature would became lowered by a sudden com- 
pression, that is to say, would also be negative. Again, 
if in a liquid or solid 6 is negative, that is to say, if a 
sadden contraction produces a decrease of temperature, or 
a. sudden elongation an increase of temperature, as in the 
case of India rubber, we may expect e to be negative, or 
the body when under pressure or tension to contract instead 
of expanding by increase of temperature. 

Both of these theoretical conclusions have been found by 
Sir W. Thomson to be confirmed by experiment. 

429. Connection between the two Elasticities and 
the two Specific Heats. When any substance is sub- 
jected to a force tending to compress it, it resists the 
action of this force, and the more strongly the more it is 
compressed, and ultimately a definite diminution of volume 
is produced by the pressure applied. If this diminution 
is great, we regard the elasticity of the substance as small, 
so that the elasticity may be defined to be the ratio between 
the pressure applied and the cQmpreB3\oTi ■^icA-acs.ft.. 
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It mist however, be borne in mind tbat if the pressure 
operates upon a large \'ohmie or portion of any substance, 
it will prodnce a greater absolute change of volume than 
if it oi>er2i:ed on a small volume or portion of the same 
substance, the ratio of the change to the original volume 
remaining the same in both. 

Therefore in estimating elastidtj we take the ratio between 
the increment of pressure and the proportional diminution 
of volume which it produces. We likewise imagine both 
changes to be very smalL 

430. The increment of pressure may be supposed to act 
under two different conditions — 

(i) We may arrange that the temperature at the end of 
the process shall be the same as that before any pressure 
was applied. 

(2) Or we may suppose that during the process of apply- 
ing the pressure no heat has been allowed either to leave 
or enter the substance. 

We shall thus have two different elasticities, the former of 
which correspyonding to (i) we may call £0, and the latter 
of which corresponding to (2) we may call -fi*^. 

431. Again, we have in like manner two specific heats, 
and these are, firsdy, the specific heat for constant volume, 
and secondly, the specific heat for constant pressure; the 
former of these we may call iVand the latter J^. 

432. It is easy to show that these two specific heats are 
related to one another in the same manner as the two 
elasticities. For let us imagine a substance, whose mass 
is unity and volume = v, to rise in temperature from /° to 
f°-\-d/j the pressure meanwhile remaining the same. Evi- 
dently an amount of heat will be required for this process, 
which will be denoted by H^d/, while the proportional 
change of volume which takes place we may call edi' 
fow let the subslatice \>e ^\3A^^\^^ ^otK^^^'SiSftd until it 
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has reached ils previous volume v, no heat being mean- 
■while allowed either to enter the substance or_^to leave it. Its 
temperature will be evidently higher than /", because it haS 
received an additional amount of heat = Kdl. No doubt 
whUe the substance was being heated the heat had to raise a 
somewhat less pressure upwards than must now be applied 
downwards to bring it to the previous volume, so that a 
very small amoimt of additional work must be spent 
order to produce compression. It will however be manil 
that the heat equivalent of this work will, if we only regi 
small changes of pressiu'e, be insignificant compared with 
Kdl, and may therefore be neglected. Now had ihi 
ttonal amount of heat been Ndl, it would by hypothesis 
have raised the substance through a temperature range = dl, 
snce ils volume is now the same as at first, and hence the 
whole increment of temperature will be found thi 

If Ndt produce a temperature rise = dl, what will Kdt 

produce ? Evidently it will produce a rise equal to —di 

This compression is, let us say, attended by an 
of pressure equal to A/. Therefore the elasticity or 
may be easily found. For the proportional changi 
volume is edl, and the ratio between the increment of pres- 

, ^-^ 
edl 

.^ 
edt 

Next let the excess of temperatiu^ above f + dl, wbi(^' 
■we may imagine to be now the temperature of th* 
surrounding enclosure, be carried away. The pressure 
increment will now no longer be A/, but 

Jess, For if a rise in temperature = r^dl produce at the 

same volume v a pressure iticremeiiV = tji, 'sVa.^. ■s»"^ -s 



sure and this volume-change is — ^ . Hence by definition 
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of temperature equal to di produce ? Ei 
produce sp= Lpx-^- 

Again, the elasticity will now be Eg, and will be denoled 
bp _ Ap N 

H..C. ^.:...^^:,f.-..:^. 

that is to say, the two elasticities bear to each other the so 

ratio as the two specific heats. 

433. Let us here endeavour to find an expression 
Et in the case of a gas of which the pressure is /, the ti 
perature being supposed to remain constant during 
compression. 

Let — denote the proportional volume decren* 

and p^—pi the pressure mcrement. Now by definition 

„ _ Pressure increment _ f, (A~A) *'4' 

* Prop! volume decrement ~ fj— fj do 

if the changes of pressure and volume are small. But i 
gas we have from Boyle's law pv = c {^ constant qnantil 
Hence differentiating pdv^-i>dp = o ot p= —-/-'• hut ll^ 
the expression already found for £b, or the elasticity. H« 
in a gas Eg =p. 

434, The velocity of Sound. The following metl 
of discussing this problem is derived from that given 
Professor Clerk- Maxwell in his book on the Theory of Hi 
It was first introduced by the late Professor Rankine. 

Let us confine ourselves to waves of longitudinal displa 
ment : that is to say, to waves in which the motion Q 
particle is backwards and forwards in the direction in «h 
the wave is travelling. 

htt us further imagine liw-X 'iiK. -j Aocvt^ ci^ 
constant, and thai llie -wave ioe^ wi\. ito« "\\a x:^^*^ 
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ceeds. This last assumption means that if we coukl imagine 
ourselves to travel forward with the same velocity as that of 
the wave propagation, or if we could imagine the material 
of the wave to travel backwards with the same velocity as 
the wave itself travels forward, we should see no change 
in the appearance presented by the wave. 

43s, Suppose now that we have a wave of sound travel- 
ling from left to right along a rectangular tube of indefinite 
length and of unit section, and let us consider a plane or 
cross section drawn perpendicular .to the direction of motion 
of the wave. Let u be the velocity of the air at this cross 
section (in the direction, let us say, from left to right). In 
unit of time, therefore, a column of air whose length is u 
passes across this imaginary plane from left to right, and 
since the cross section is unity, u will likewise denote the 
volume which passes across this plane. 

Again, let v represent the volume of unit of mass of the 
substance, and let Q be the mass which passes across the 
plane in unit of time, then evidently the volume which so 
passes is Qt>, and this must be equal to u. 

430. Suppose now that while this imaginary reference 
plane remains fixed in space, the tube itself and all its con- 
tents are moving from right to left with a velocity f greater 
than u, then evidently the mass of air which passes across 
the imaginary plane in unit of time in a direction from right 
to left will depend on the velocity U—u, so that if we denote 
this mass by Q we shall have 

Qv.n^.. (■) 




Now let us have two such fised reference planes A and S, 
and let us imagine U or the motion of the tube from righi 
to left to be equal to the velocity of propagation of sounil. 
then it is evident that, inasmuch as the wave by hypothesis 
is of permanent type, the state of things at A and B, and 
hence the values of u at these planes, will always remain the 
same. 

If therefore we denote by «^, «« the values of » at ^ and 
B, also by »_, and p^ the volume of unit of mass and the 
pressure at A., and by it^, pg the corresponding values of 
these elements at B, we shall have 

437. Again, it is evident that in consequence of the wave 
being of constant tj-pe, the density at all points between lie 
fixed imaginary planes A and B remains the same, ami hence 
the mass of matter embraced between these two planet 
remains the same. It follows that the mass which enters in 
unit of time at A must be equal to that which leaves the 
space at B, or in other words 

e^-<?«=0{letu3say). (4) 

Hence also from equations (2) and (3) 

u, = U-Qv^. (s) 

Ug=U-Qi>^ (6) 

But while in unit of time a mass Q enters at A and an 
equal mass leaves tlie interval at B, yet the mass which 
enters at A has a velocity U~Uj, while that which leaves 
at B has a velocity U—Ug- If "a be greater than u^, ^ 
follows that the momentum (Irom right to left) of t 
entering fluid is less than that of the issuing fluid by t 

438. Now it is evidenl xW^. ftivi &ffi«e-QCK\i 
tarn of the airwluch enXftts smi ie^M^a "vuna ■&& Hi 
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' must be wholly due to the difference of the pressures at A 
[ and B, and must be measured by this difference, and since 
I the fluid issues from £ with a greater momentum from right 
I to left than it enters at A, the pressure at A must be greater 
than the pressure at £ in order thus to increase the momen- 
I turn of the fluid as it passes from A to £. We thus obtain 
, P^-p.-Qlu^-u.]. (,) 

I Substituting the values of u^ and iig from equations (5} and 
n6) we obtain 

r p.-f.-m':-''.]- m 

IHence 

I /'^ + <?^.,=P>, + Q'vg. (9} 

Now since A and £ may be any planes whatever, it 
.follows that the quantity p+Q'v must continue constant*. 
', If we call this quantity £, we have p -|- Q'v = /•, and hence 

p.P-Q'v. (,o) 

. 43B. Let us now suppose that in the wave under con- 
i.sideration the changes of volume and pressure are compara- 
tively small, that is to sa.y,p_,—p„ or &p, and v^—v^ or to, 
compared to p and i: Now by the definition of 
elasticity (Art 429) 

£=v^^~^ =vQ^by equation (8)). (ii) 

Again, if v is the volume of unit of mass for those portions 
of air which are not disturbed by the wave, and where u = o, 
we have from equation (a) 

17. a.. (,.) 

Hence 

tP^Q^v* = Ev (by equation (11)); (13) 

that is to say, the square of the velocity of propagation of 
a wave of sound in air or any substance is equal to the pro- 
duct of the elasticity and of the volume of unit of mass. 

Here it is erident ihat the elasticity m\islbc l.^a.'i. o^i. 'sa.^AKa. 
tmpres^on, since the motions whicVi cotvSoX.'oSr. w3m»&. -a^' 
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quickly perfonned, and we may suppose that during the* 
process no heat is allowed to escape. Hence U^ = Ui^v, 

440. If we denote by y the ratio between the two elas- 
ticities or the two specific heats for air, we shall have (Art 

433) 

E^-^yE^^yp. (14) 

Hence (equation (13)) 

IP^ypo. (15) 

Now since pv remains constant (Art. 60) while the tern- 
peniture is the same, it is evident that the velocity of sound 
in the same gas and at the same temperature is independent 
of the pressure. 

Again, since /r* (Arts. 136, 343) is proportional to the 
absolute temperature, it is evident that the velocity is pro- 
portional to the square root of the absolute temperature. 

441. So long therefore as the temperature is the same, 
the velocity at which sound proceeds through the atmosphere 
is the same at all elevations ; but when (as is generally the 
case, particularly during calm clear days) there is an upward 
diminution of temperature, there will be a corresponding 
diminution in the velocity of soimd at different elevations. 

Professor Revnolds has shown that this variation in the 
velocity of sound at different elevations must, when the 
diminution of temperature is upwards, cause the sound, 
which would otherwise proceed horizontally along the earth's 
surface, to leave the surface and move in an upward direc- 
tion to an extent depending on the variation of temperature; 
and that we thus have an explanation of the greater distances 
at which sounds can be heard on cloudy as compared with 
clear days, and particularly during the night as compared 
with the day. 

442. In order to utilise equation (15) for determining the 
^city of sound, let us conceive of a homogeneous atmo- 

*; extending upvjaids, \)a& ^wx^\\:^ ^k^^vj^ temaining the 
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the actual density at the earth's surface. Now let 
/f denote the height of this atmosphere, the weight of which 
will produce a pressure equal to the actual pressure or p, 
and let the cross section of the column we are considering 
be unity. The volume of this column will thus be H, and 
if 53 be the volume of unit of mass and m the whole mass of 
the column, then 

H^«u^. (16) 

Again, the weight of the column is ;l = mg where g is the 
brce of gravity. Hence 

pv = vigv = Hg (by equation ( 1 6)). ( 1 7) 

There fore 

U^ = ypv^gyH. {18) 

443. It appears from equation (i8| that if we know the 
i^lue of the force of gravity, the ratio between the two 
ipecific heats, and the height of the homogeneous atmo- 
Iphere, we can determine the velocity of sound, or conversely, 
f we know the velocity of sound, the force of gravity, and 
he height of the homogeneous atmosphere, we can deter- 

ine the ratio between the two specific heats. 

This last may be done as follows:^We know (Art. 149) 
ihat the weight of one cubic rabtre of atmospheric air at o"C, 
VoA at the pressure of 760 reduced millimetres of mercury 
93187 kilogrammes, whereas the pressure on the side 
&f such a cube is (Art. 332) 10333 kilogrammes. Hence, 
in order to produce this pressure by the weight of the air 

'alone, we should require a column ' \ - 7990 mfetres in 

1.293.87 
height. 

Again, the acceleration produced by gravity or ^=32.2 
feet- 9.815 metres. Also the velocity of sound in air at 
©"C is found by experiment to be 332.2 mfetrcs per second. 
Now {332.2}^- 110^56.84, and hence -y ot 
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This then is the ratio between the two elasticities or 
specific heats for air. 

But we have seen from Art. 332 that the san 
independently determined by a totally different exp 

is =r ^'^ =1.41^. It will thus be seen that t 
68.995 

determinations agree together very well. 

444. Graphical Bepresentations of Physical 

By means of a series of Isothermal lines we mj 
veniently express the relations which hold betwe 
volume, the pressure, and the temperature in a perfec 

Suppose for instance that our ordinates represei 
sures, and our abscissae volumes, then, if we supp 
temperature of the gas to remain constant, we may 
as in Fig. 83, by means of a curve, the relation 1 
the pressure and the volume. 

This relation is such that the product of the ] 
into the volume is constant, and hence the curve 
known as the rectangular hyperbola. 

If, however, we alter the temperature of our gas v 
then employ another curve line to express the new 
between the pressure and the volume. This curve 
before, be a rectangular hyperbola, but it will lie 
above the previous curve if the temperature has b 
creased, and entirely below it if the temperature h 
diminished. 

The various hyperbolic curves are thus seen to c( 
a series of isothermal lines corresponding to differe 
peratures, each one expressing the relation betw- 
volume and the pressure of the gas correspondini 
^wn temperature. 

ow it is easily seen from Boyle's and Charl< 



together that 



;[n) = C^^\-Vc^» 
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and hence the product />v vAW as the temperature increases 
receive increroents proportional to the increment of tempera- 
It follows that if while the temperature regularly increases 
the volume be kept constant the pressure will receive in- 
crements proportional to the increment of temperature, and 
Sience if we draw a series of isothennals corresponding to 
aregular intervals of temperature and cut them by means 
of a vertical line, as in the figure, the distance between 




the points at which this line cuts any two neighbouring 
isothermals will be the same. Thus the distance between 
I and 2 is equal to that between z and 3 or that between 
3 and 4, and so on. 

446. Let U3 now suppose that instead of a ^rfest ^"^s. 
■we consider 3 quantity of superheated steam, Nj'cftii^'^ ««s 
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liinei in s rriin5er in "mtiSdi i slieaiii-tight piston works 
hr pressTJi: acwn liie jcsmq -■< iDcrease the pressure of At 
SLi-izn. If ve -JTr.ftg^itf ihii during ihe operation the tern- 
persir^ne is kqx Hue same, au^ ihai tins temperature is cxm 
aieriiirr xboxe ibe pocai of samraxioD corresponding to tb 
m'.rj,] p>ressXLre, iben ior ibe first pan of the compressioi 
lite stftsrr. tl2t he re^randed as a nearlT perfect gas and it! 
tsoLbencal cxrre viH doi greaxlr differ from the rectangolai 
hTpeibc'la. 

Wlien bol^e^'e^ a pffessnre has been attained nearly eqaa! 
:o die Tni^ximjTTi piessnie vbich corresponds to the tempera 
tnTc cf the sieam. ihere vill be a departure from Boyle's lai 
I Atl 1 4S », and ibis will be in such a direction that the pressnn 
will increase less rapidly on account of diminution of voIudk 
than it would have done if Boyle's law had been obeyed. 

\Mien the maximum pressure has been attained, an] 
further dimir.uiion of volume \it11 not at first increase the pres 
sure, bu: will only condense some of the steam into water 
The isoihermal cun-e will now become a horizontal line 
diminution of volume being so far unaccompanied by an; 
sensible increase of pressure, and things will remain so until lb 
volume has been reduced so far as to leave no vacant steam 
space above the water into which the whole of the origins 
steam has now been condensed. It is clear that hencefort 
any further diminution of volume will be resisted by lb 
very powerful force which water opposes to any attempt 1 
diminish its volume, and hence very small diminutions i 
volume will now correspond to very great increments ( 
pressure — in other words, the isothermal curve will now b 
come nearly vertical. It thus appears that the isotherm 
of steam, or of a mixture of steam and water, is first of a 
'\ curve which approximates to a rectangular hyperbola, the 
horizontal line, and finally a line approximately vertical. 
446. In a pTe\\ous p^xX ol ^vs* ^o^ VKw, ^•^\\ the n 
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searches of Dr. Andrews on carbonic acid have been alluded 
to, and we have stated the conclusion arrived at by that ex- 
perimentalist, namely, that matter may be made to pass from 
the gaseous into the liquid state by a series of gradations 
Bo gentle that the passage shall nowhere present any inter- 
xuption or breach of continuity. 

The following diagram, taken from Dr. Andrews' paper 
and from Professor Maxwell's book on Heat, will exhibit 
^aphicajly the reasoning which led to this conclusion. 
pSere at first, and corresponding to comparatively low tem- 
iperatiu'es, such as 1 3. i°C, we have an isothermal very 
analogous to that already mentioned as characterising a 
iinixture of steam and water. When however the tem- 
iperature is increased this likeness gradually disappears, until 
iSt such temperatures as 48.1'^C we have a line exhibiting all 
.&e properties of the isothermal belonging to a perfect gas, 

■ and denoting that however much we may increase the 
[■pressure, we shall never at this temperature obtain the 
I Uquid in contact with its own gas. Thus at comparatively 
I low temperatures there is a range of volume throughout which 

■ the substance COj is capable of appearing together in its 
two states, this range beginning with the point at which 

I condensation begins and ending with that at which all the 
gas has been condensed into liquid. 

' Now, if lines (dotted in Fig. 84) be drawn through these 
, two points, for the various temperatures, it will be found 
that as the temperature rises the distance between the points 
at which the isothermal cuts this dolled curve will diminish, 
or in other words, the range of volume between the point 
at which condensation begins, and that at which all the 
gas is entirely condensed, will diminish as the temperature 
increases. At some temperatures these two points will mei^e 
into one, and therefore at this temperature there will be 
no distinction between saturated gas atvi \\c^4, t« vb 
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Other words, ive shall have the coalescence of the gaseous 
and liquid states. This therefore is the critical point of 
Dr. Andrews, who in his experiments determined it to take 
place at the temperature 3o-92°C and at the pressure of 
from 73 to 73 atmospheres. 

447. Professor James Thomson (Proc. R.S. Dec, i r, 1873) 
has discussed with the aid of a diagram certain relations 
between the Gaseous, the Liquid, and the Solid states of 
I Water-Substance. His reasoning is as ftrilows. 

If we take any substance which we can have in the three 
states, gaseous, liquid, and solid, it will be found that when- 
ever any two of these states are present in contact together 
the pressure and temperature are dependent on each other, 
so that when one is given the other is fixed. Thus in 
Fig. 34 of this volume we have a curve exhibiting in its 
upper part the relation between the temperature and pres- 
sure when water and steam exist together, and in its lower 
part the relation between the temperature and pressure when 
ice and steam exist together. 

In addition to these we may have a third curve exhibiting 
the same relation when water and ice exist together, inas- 
much as we know that the melting point of ice depends upon 
[he pressure. It would appear to result from this that these 
three curves must cross one another in one point and 
only one. To make this reasoning clear let us consider 
an ordinary case of ice and water at d'C at the usual 
atmospheric pressure. May it not be said that here we have 
the three states of water substance together — namely, aqueous 
vapour, water, and ice ? Unquestionably we have these three 
states side by side, but it is manifest that the atmospheric 
pressure does not represent the pressure of saturated vapour 
at the temperature of the experiment. But if we now 
reduce the pressure to that of saturated aqueous vapour 
at o°C we raise by the same means fct TfteVlwi'^ i^-ws. ^ 
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the ice, so that the water in the experiment will graduallr 
become ice. This prepares us to acknowledge that there is 
one point, and ortly one, where the three curves above 
mentioned can exist together, and therefore cut one another, 
and this is called by Professor James Thomson the triple 
point. 

448. In the following figure the ice-steam line is denoted 
by NTQ, the water-steam line by PTL^ and the ice-water 




jyny 



Fig 85. 



line by MTR, T being the triple point at which these three 
lines meet. 

The first two of these lines have generally been regarded 
as one, and Regnault, we have already remarked (Art. 145), 
was of opinion that his curve showed no peculiarity al)OUl 
this point. Nevertheless Professor James Thomson has been 
led, both from theoTe\AC?L\ t^'\'s>ox\'s» ^w^ ^\cyKw ^^^^-^^.Uon, to 
helie\e that the ice-sleam 2jcv^ N^^Xfcx-^Xfc-axa Xwvr.'s. -ix^. \^ 



m/mmm. 
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reality, two distinct curves crossing' each other, with a 

The mode of argument employed is deduced from _ 

formula of art 341, from which we derive , = , ,„ 
a/ tp {tji 

where ^ f/) represents a function which depends only upon 
[he temperalure, and is independent of the nature of the 
substance used. The substance need not even be homo- 
geneous throughout, but it may be heterogeneous, as, for 
nass of water and steam, or ice and water, or ice 



449. Now, let us apply this formula first to steam with 
water and then to steam with ice, at the temperature of the 
triple point, or, which is sufficiently near it, at the temperature 
o"C. 

Beginning with a mixture of saturated steam and water, let 

-J- denote the rate of increiise of pressure for unit increase 

of temperature. Here we observe that while in general it is 

necessary to keep the volume constant in estimating ^ 

yet, in this case, inasmuch as for the misture we are con^ 
adering, the mere change of volume does not affect the 
pressure, this constancy of volume is not essential. What 

^ denotes is in fact the increase in pressure of the water- 
steam curve, as we rise one degree in temperature above tht 
triple point. 

460, Let us nest consider the ice-steam curve, and here le£ 

-y- and M' denote the altered values of the above expressions 
i «4:en we have ice instead of water, then, as before, we have. 




^ 






From this it follows that -^, : ~ : : M : iif, and hence | 

steam curve for one degree centigrade, so -^ deDOttS 
responding 

; really the same, thc-n -j'j.t 3nd hence 



dp' M' 



iBl. Nowjustas -f denotes the pressure rise of the wU«(*J 



corresponding rise of the ice-steam curve. It follows thai! 
dp dp' 
' dt' dl 
M^M'. 

But, on the other hand, if we have reason to believe lh»l 
M and M' are diiferent, tbrn evidently the two cun'es art 
not the same. 

Now M (Art. 337) denotes the rate at which heat must be 
supplied to a substance consisting of steam and water at the 
triple point (per unit augmentaiion of volume of the heleio- 
geneous body) so as to let it expand without varying 
temperature. During the expansion a certain amount 
water will evaporate and assume the gaseous condition- 

M', on the other hand, denotes the corresponding 
for a substance consisting of steam and ice, and 
during a similar expansion the same amount of ice 
before of water will evaporate and assume the 
condition. 

The amount of heat required in these two cases 
thus bear the same proportion to each other as the h4 
required to evaporate water bears !o that required 
evaporate ice. Now, according to Regnault, the lat 
heal of evaporation ot wa.\.ei ^^ q"C t:i\t vwj\e ^^«va)t 
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is 606 '5, while in the case of ice we have to add to this the 
latent heat of water, or 79 units. 
Therefore at this point the ratio 

dp 



M 



606 , , di 606 I 

is = — 7-r-> y and hence — , = — .-^-z ^ 

79 + 606 dp 79 + 606 1. 13 

di 



This shows that the two curves are in reality different. 

452. Professor James Thomson finds by reference to 
Regnault*s original memoir that while constructing his tables 
of the pressure of aqueous vapour he made use of two 
formulae, (B) and (-£), of which (B) may be regarded as 
the formula for giving the pressure p of steam with water, 
and -£* as that for giving the pressure p^ of steam with ice. 
The following tables are derived from these two formulae : — 



By formula (D). Steam with water. 







1° which are 

dp 
values of — for 
at 


Temperatures 
to which the 


Temperatures. 


Pressures =/>. 


dp 

values of ~ 

dt 

m 1 






intermediate 






temperatures. 


belong. 


-3^ 


3-703 










1 .280 


-»i° 


-2° 


3983 










1 .298 


-If 


-1° 


4.281 










} -319 


- i° 


0° 


4.600 










1 -340 


+ i° 


+ 1^ 


4.940 










1 -362 


+ii° 


+ 2° 


5302 










} .385 


+ ^r 


+ 3° 


5.687 
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By formula {E), Steam with tee. 







Differences for 
1° which are 


Temperatures 






values of —r for 
dt 


to which the 


Temperatures. 


Pressures ==/)'. 


dp' 
values of — - 






intermediate 


at 
belong. 






temperatures. 


-3° 


3644 










} -297 


-^r 


-2° 


3-941 










I -322 


— *2 


-1° 


4.263 
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} -347 


- r 


o° 


4.610 










I -375 


+ F 


-1° 


4-985. 










} -405 


+ii° 


+ 2° 


5390 










} -437 


+4' 


+ 3 


5.827 







453. From these two tables the following results a 
deduced : — 

dt 

dp^ ' 
dt 



Temperatures. 



— 2 



10 



T J° 



10 
2 



+ 2 






+ 2^ 



Values deduced for 



297 r 

{- =i.c6 

280 

322 

— =1.08 
298 

347 ^ 

— = 1 .09 

319 

375 
340 

362 



= 1.10 



437 

385 



= 1.13 



giving a mean value oi abovyX. \ ao,\qV\0^\'5»\vq^^'^x dlCferei 
from the value 1.13, \\Y\\c\i xVvton vcv^^^'^'^^'^^. 



TABLES OF PRESSURE OF AQUEOUS VAPOUR. 429 



TABLE I. 

shewing the pressure of aqueous vapour in inches of mercury 
at the latitude 53° 21' for each degree Fahr.from —30° 
to 432°. 
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72.10 
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149.49 ^^H 


3^99 
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74-69 


307 


'5'-7o ^^H 


33.04 
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34-30 
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309 
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34-98 
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78.55 
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35-66 
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79-«7 


3" 
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81.21 
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163.18 ^^H 
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26* 
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83-94 
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167.97 ^^H 


38-50 
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85-33 


315 


170.40 ^^H 


39-23 
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86.75 


316 
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88.18 
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89.63 
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TABLES OF PRESSURE 





Pressure in in. 




Pressure in in. 
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Tempe- 


of mercury at 


Tempe- 


of mercury at 


Tempe- 


of mercury at 


rature. 


32° at sea level. 


rature. 


32° at sea level. 
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32° at sea level. 




(Lat. 53° 21'.) 




^Lat. 53° 21'.) 




(Lat. 53° 21.) 


o 


in. 





in. 
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6i 


0-5364 


106 


2.292 


151 


7-729 


62 


0-5556 


107 


2.360 


152 


7.922 


63 


0-5755 


108 


2.430 


153 


8.120 


64 


0-5959 


109 


2.502 


154 


8.321 


^A 


0.6170 


no 


2.576 


155 


8.527 


66 
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2.652 


156 


8.737 


67 


0.6612 
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2.729 


157 


8.951 


68 


0.6843 


"3 


2.809 


158 


9.170 


69 


0.7081 


114 


2.890 


159 
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70 


0.7327 


115 


2.974 
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9.621 


71 


0.7580 


116 


3-059 
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9853 


72 


0.7841 


"7 


3.147 


162 


10.090 


73 


0.8109 


118 


3.237 


163 


10.332 


74 


0.8386 


119 


3.329 


164 


10.579 


75 


0.8671 


120 


3-423 


165 


10.831 


76 


0.8964 


121 


3-520 


166 


11.088 


77 


0.9266 


122 


3.619 


167 


".350 


78 


09577 


123 


3.720 


168 


11.617 


79 


0.9898 


124 


3.824 


169 


11.889 


80 


1.0227 


125 


3-930 


170 


12.167 


81 


1.0566 


126 


4.039 


171 


12.450 


82 


1.0915 


127 


4.150 


172 


12.739 


83 


1.1274 


128 


4.264 


173 


13033 


84 


1.1643 


129 


4-381 


174 


13333 


85 


1.2023 


130 


4.500 


175 


13.639 


86 


I. 2413 


131 


4.622 


176 


13-951 


87 


I. 2815 


132 


4.747 


177 


14.268 


88 


1.3228 


133 


4.874 


178 


14-592 


89 


1-3652 


134 


5-005 


179 


14922 


90 


1.4088 


135 


5-139 


180 


15.258 


91 


1-4537 


136 


5.275 


i8i 


15.600 


92 


1.4998 


137 


5-415 


182 
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93 


I-547I 


138 


5.558 


183 


16.304 


94 


1-5958 


139 


5-704 


184 


16.666 


95 


1.6457 


140 


5-854 


185 


17-034 


96 


1.6971 


141 


6.006 


186 
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97 


1.7498 


142 


6.162 


187 


17-792 


98 


1.8039 


143 


6.322 
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18.181 


99 
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144 


6.485 


189 


18.577 
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1.917 
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6.651 
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18.981 
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149 
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J05 / 
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iLH-fs-ii'.) 




'tL.!. 53°"'.) 


286 


(Lit. 53" 21'.) 


^'•559 


341 


's'-78 
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309 
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1 71.86 
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40.74 
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274 
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3" 
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TABLES OF PRESSURE 





Pressure in in. 




Pressure in in. 




Pressure in in. 


Tempe- 


of mercury at 


Tempe- 


of mercury at 


Tempe- 


of mercury at 


rature. 


32° at sea level. 


rature. 


32"^ at sea level. 


rature. 


32° at sea level. 




(Lat. 53° 21'.) 




(Lat. 53° 21'.) 




(Lat. 53° 21'.) 
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in. 





in. 


331 


213.27 


365 


332.52 


399 


498.22 


332 


216.21 


366 


336.68 


400 


50390 


333 


219.18 


367 


340.88 


401 


50963 


334 


222.18 


368 


34513 


402 


515-41 


335 


22^.21 


369 


34941 


403 


521.24 


336 


228.28 


370 


353-73 


404 


527.12 


337 


231-38 


371 


358.10 


405 


53306 


338 


235 5' 


372 


362.50 


406 


53904 


339 


237.68 


373 


366.95 


407 


545-07 


340 


240.88 


374 


371-44 


408 


551-16 


341 


244.12 


375 


37598 


409 


557.30 


342 


247-38 


376 


380.55 


410 


563-48 


343 


250.69 


377 


385.17 


411 


569.73 


344 


25402 


378 


389.84 


412 


57602 


345 


257-39 


379 


394-54 


413 


582.36 


346 


260.80 


380 


399.29 


414 


588.76 


347 


264.24 


381 


40409 


415 


595.22 


348 


267.72 


382 


408.92 


416 


601.72 


349 


271.23 


383 


413.81 


417 


608.28 


350 


274.78 


384 


418.73 


418 i 


614.90 


351 


278.37 


385 


423.71 


419 


621.56 


352 


281.99 


386 


428.73 


420 


628.29 


353 


285.65 


387 


433-79 


421 i 


63507 


354 


289-35 


388 


438.90 


422 


641.90 


355 


293.08 


389 


444.06 


423 


648.79 


356 


296.85 


390 


449.26 


424 


655-73 


357 


300.66 


391 


454-51 


425 


662.73 


358 


304-51 


392 


459 80 


426 


669.79 


359 


308.39 


393 


465.15 


427 


676.90 


360 


312.32 


394 


470.54 


428 


684.07 


361 


316.28 


395 


47598 


429 


691.30 


362 


320.28 


396 


481.46 


430 


698.58 


363 


32432 


397 


'487.00 


431 


70592 


364 


32840 


398 


492.58 


432 


713-32 
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Shfwing the pressure 0/ aqueous vapour 


in inches of mercury 


ai the latitude 53° 2,1' from 0° to 


00° Fahr.for every 


two-knlhs of a degree. 
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„ 
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0.0439 


6.4 


0.0587 


12'',8 
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0.0443 




6 


0.0593 


'3 




0,0788 




0.044? 




8 
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.6 


0.0451 










4 
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.8 


0-0455 
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6 
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0.0459 




4 


0.0614 




8 
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0.0464 




6 
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0,0823 




0.0468 
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.6 


0.0471 


S 








4 


0.0S3S 
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6 


0.0S46 




o;o48i 




4 


0.064= 






0.0853 




0.0485 




6 


0.0647 


15 




0.0SO1 


■4 


0.0490 






0.0653 






0.0868 


.6 


0.0494 


9 










0.0876 


.8 


0.0499 










6 


0.0884 


3-0 


0.050. I 










8 


0.0892 




0,0508 




6 


0.0677 


16 




0.0899 


■i 


0.0511 




8 


0-06S3 






0.0907 


0.0517 






0.0689 




4 


0.0916 


.8 








0.0695 




6 


0.0934 


4-0 


o]o5j6 










8 


0.0932 


.2 


0.05.11 




6 


0,0708 


'7 




0.0940 


:3 


0.0536 




8 


0.0714 






0.0948 


0.0541 
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4 


0.0957 


.8 


0,0546 






0.0737 




» 


0.0965 


50 


0.0551 




4 


0.0734 






0.0974 




0.0556 
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0.0982 


■4 


0.0561 




3 


0.0747 






0.099: 


.6 


0.0566 






0.0753 
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.8 


0.0571 
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^ 
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tULS.!""'-) 
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^■.33S 


^35 S' 


37" 


362.50 


406 
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376 
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38S.17 
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4"4 
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4" 
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475.98 


419 


Sgi-a 


^■36. 


330.28 


396 


4a^46 


4.10 


698-5i 


^■363 


3'4-3' 


397 




431 


705-* 


^H 3(M 


.128 40 


3y« 

■ 


49^-58 


43.1 

■ 


■ 



r 


TABLE II. 


■ 


n 


Shewing the pressut 


e of aqueous vapour in 


'nches of mercury H 


ai the latitude 
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.8 
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8 
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.8 
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■4 
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.6 
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.8 
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■4 
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0.0556 
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TABLES OF PRESS URJE 





Pressure in in. 




Pressure in in. 




Pressure in in. 


Tempe- 


of mercury at 


Tempe- 


of mercury at 


Tempe- 


of mercory at 


rature. 


3a°atsea level. 


rature. 


32° at sea level. 


rature. 


32° at sea level. 




(Lat. 53° 21'.) 




(Lat. 53- 21'.) 




(Lat. 53«> 21'.) 
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in. 
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in. 


73-2 


0.8164 


82.2 


1.0986 


91.2 


1.4628 


•4 


0.8219 


.4 


I.IO57 


•4 


1.4720 


.6 


0.8274 


.6 
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.6 
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.8 


0.8330 


.8 
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.8 
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.2 
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.2 
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.2 
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•4 
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.4 
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•4 
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.6 
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.6 


1.1494 


.6 


1.5280 


.8 


0.8613 


.8 


1.1568 


.8 
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0.8671 
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.2 


0.8729 


.2 
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.2 
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.4 
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.4 
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•4 
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.6 
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.6 
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.6 
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.8 
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.8 
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.8 
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.2 
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.2 
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.2 
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•4 
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.4 
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•4 
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.6 
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.6 


1.2256 


.6 


1.6256 


.8 


0.9205 


.8 


1.2334 


.8 


1.6356 


77.0 


0.9266 


86.0 


1.2413 


95-0 


1.6457 


.2 


0.9328 


.2 


1.2493 


.2 


1.6559 


•4 


0.9390 


•4 


1.2573 


•4 


1. 6661 


.6 


0.9452 


.6 


1.2653 


.6 


1.6764 


.8 


0-9515 


.8 


1.2734 


.8 


1.6867 


78.0 


0-9577 


87.0 


1.2815 


96.0 


1.6971 


.2 


0.9641 


.2 


1.2896 


.2 


1.7075 


•4 


0.9704 


.4 


1.2979 


•4 


1.7180 


.6 


0.9768 


.6 


1. 3061 


.6 


1.7285 


.8 


0.9833 


.8 


1.3144 


.8 


1.7391 


79.0 


0.9898 


88.0 


1.3228 


97.0 


1.7498 


.2 


0.9963 


.2 


1.3312 


.2 


1.7605 


•4 


1.0028 


•4 


1.3396 


•4 


1.7712 


.6 


1.0094 


.6 


1. 3481 


.6 


1. 7821 


.8 


1. 01 60 


.8 


1.3566 


.8 


1.7930 


80.0 


1.0227 


89.0 


1.3652 


98.0 


1.8039 


.2 


1.0294 


.2 


1.3738 


.2 


1.8149 


•4 


1. 0361 


•4 


1.3825 


•4 


1.8260 


.6 


1.0429 


.6 


1.3912 


.6 


1.8371 


.8 


1.0497 


.8 


1.4000 


.8 


1.8482 


81.0 


1.0566 


90.0 


1.4088 


99.0 


1.8595 


.2 


1.0635 


.2 


1.4177 


.2 


1.8708 


•4 


1.0704 


•4 


1.4266 


•4 


1.8821 


.6 


1.0774 


.6 


i.435<5 


.6 


1.8935 


.8 


1.0844 


1 91.0 




1^.8 


1.9050 
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TABLE III. 




Shewing the pressure of aqueous vapour in millimetres of J 


mercury at the latitude of Paris (48° 50') /o 


•■ each degree 


centigrade from —'i2°C to +230°C. 




pS 


Preisnre. 


Tempe- 


P,„„.. 


Tcmpe- 


Pressure. 














-3» 


0.330 




4.263 


30 


31-548 


3^ 


035 = 






3» 


33-406 


30 


0-386 




4.940 


32 


3S-3E9 


»9 


0,424 




5-302 


33 


37-4" 


aS 


0.464 




5-687 


34 


39-565 


17 


0.508 




6.097 


35 


4..B27 


16 


°-?55 




6-534 


36 


44-101 




0.605 


6 


6.99a 


37 


46.691 


'4 


0,660 


I 


7,492 


38 


49.301 


»3 


0719 


8 


a.017 


39 


52039 




0.783 


9 


8-EH 


40 


54-906 




0853 




9.165 


4' 


57-9'o 


30 


0.527 




9,793 


4^ 


61.05s 


:i 


1.008 




IO-4S7 


43 


64-346 


1.095 




11.162 




67.790 


17 


r..S9 




11,908 


45 


7'39' 


16 


J. 290 




12,699 


46 


rs-'SB 


IS 


1.400 




'3-S36 


47 


79093 


*4 


1.518 




14.4JI 


48 


83.204 


13 


..646 




iS-357 


49 


87.499 




1783 




16.346 


SO 


91.983 




'■933 




17-391 


51 


96661 




2.093 




18.495 


6' 


101.543 


g 


.,267 




19.659 


53 


106.636 


'■45S 




20.8E6 


54 


1 11-945 


? 


2.658 




2..184 


5.-; 


117.478 


6 


2.876 




»3-S.SO 


56 


123.244 


S 


3-"3 






57 


129.251 


4 


336S 






58 


'3.S-SOS 


3 


3.644 






=.9 


1 \i,101lb 




3-94' 


29 


19,181 \ te 



43» 



TABLES OF PRESSURE 



Tempe- 


Pressure. 


rature. 




3 


mm. 


6i 


155839 


62 


163.170 


63 


170 791 


64 


178.714 


65 


186.945 


66 


195 496 


67 


204.376 


68 


213596 


69 


223.165 


70 


233-093 


71 


243393 


72 


254073 


73 


265.147 


74 


276.624 


75 


288.517 


76 


300.838 


77 


313.600 


78 


326.811 


79 


340.488 


80 


354643 


81 


369.287 


82 


384435 


83 


400.101 


84 


416.298 


85 


433.041 


86 


450344 


87 


468.221 


88 


486.687 


89 


505.759 


90 


5^5-450 


91 


545.778 


92 


566.757 


93 


588.406 


94 


610.740 


95 


633.778 


96 


657-5.^5 


97 


682.029 


98 


707.280 


99 


733.305 


100 


760.000 


lOI 


787.590 


102 


816.010 


103 


845.280 


104 


875.410 


105 


906.410 


106 


938.310 


107 


971.140 



Tempe- 
rature. 



\ 



08 

09 
10 

II 
12 

13 

14 

15 
16 

17 
i8- 

19 
20 

21 

22 

23 
24 

2^5 

26 

27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

41 
42 

43 
44 

46 

47 
4^ 
49 
50 

51 

52 



Pressure. 


Tempe- 
rature. 


Pressure. 


mm. 





mm. 


1004.910 


155 


4088.56 


1039.650 


156 


4196.59 


1075-370 


157 


4306.88 


II 12.090 


158 


44^9-45 


1149.830 


159 


4534-36 


II88.610 


160 


4651.63 


1228.470 


161 


4771.28 


1269.410 


162 


4893-36 


1311.470 


163 


5017.91 


1354.660 


164 


5144-97 


1399.020 


165 


5274.54 


1444.550 


166 


5406.69 


1491.280 


167 


554^-43 


1539.250 


168 


5678.82 


1588.470 


169 


5818.90 


1638.960 


170 


5961.66 


1690.76 


171 


6107.19 


1743.88 


172 


6255.48 


1798-35 


173 


6406.60 


1854.20 


174 


6560.55 


1911.47 


175 


6717.43 


1970.15 


176 


6877.23 


2030.28 


177 


7039-97 


2091.94 


178 


7205.72 


215503 


179 


7374.52 


2219.69 


180 


7546.39 


2285.92 


181 


7721-37 


2353.73 


182 


7899.52 


2423.16 


183 


8080.S4 


2494.23 


184 


8265.40 


2567.00 


185 


845323 


2641.44 


186 


8644.35 


2717.63 


187 


8838.82 


2795.57 


188 


9036.68 


2875.30 


189 


9237.95 


2956.86 


190 


9442.70 


3040.26 


191 


965093 


3125.55 


192 


9862.71 


3212 74 


193 


10078.04 


3301.87 


194 


10297.01 


3392.98 


195 


10519.63 


3486.09 


196 


10745.95 


3581.23 


197 


10975.00 


3678.43 


198 


1 1 209.82 


3777.74 


199 


11447.46 




I 200 


1 1 688 96 
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OF AQUEOUS VAPOUR. 



439 



Pressure. 


Tempe- 
rature. 


Pressure. 


Tempe- 
rature. 


Pressu.e. 


mm. 





mm. 





mm. 


12183.69 


212 


14902.22 


222 


18058.64 


12437.00 


213 


15197.48 


223 


18399.94 


12694.30 


214 


15497-17 


224 


18746.07 


12955.66 


215 


15801.33 


225 


19097.04 


I322I.I2 


216 


16109.94 


226 


19452.92 


13490-75 


217 


16423.15 


227 


19813.76 


13764.53 


218 


16740.90 


228 


20179.61 


1404^.52 


219 


17063.29 


229 


20550.48 


14324.80 


220 


17390.36 


230 


20926.40 


I461I.32 


221 


17722.13 
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TABLES OF PRESSURE 



Tempe- 
rature. 



6i 
62 

63 

64 

65 
66 

67 
68 

69 

70 

71 

72 

73 

74 

75 
76 

77 
78 

79 

80 

81 
82 

83 
84 

85 
86 

87 
88 

89 
90 

91 

92 

93 

94 

95 
96 

91 

98 

99 
100 

lOI 

102 
103 
104 



10 



.•> 



106 
107 



Pressure. 


Tempe- 
rature. 


Pressure. 


Tempe- 
rature. 


Pressure. 


mm. 
155839 



108 


mm. 
1004.910 



155 


mm. 
4088.56 


163.170 


109 


1039.650 


156 


4196.59 


170 791 


no 


1075-370 


157 


4306.88 


178.714 


III 


III 2.090 


158 


4419-45 


186.945 


112 


1149.830 


159 


453436 


195496 


"3 


1 1 88.610 


160 


4651.62 


204.376 


114 


1228.470 


161 


4771.28 


213.596 


"5 


1269.410 


162 


4893-36 


223.165 


116 


I 31 1.470 


163 


5017.91 


233-093 


117 


1354.660 


164 


514497 


243393 


118^ 


1399.020 


165 


5274-54 


254073 


119 


1444.550 


166 


5406.69 


265.147 


120 


1491.280 


167 


5541-43 


276.624 


121 


1539250 


168 


5678.82 


288.517 


122 


1588.470 


169 


5818.90 


300.838 


123 


1638.960 


170 


5961.66 


313.600 


124 


1690.76 


171 


6107.19 


326.811 


I2'5 


1743.88 


172 


6255.48 


340.488 


126 


1798.35 


173 


6406.60 


354643 


127 


1854.20 


174 


6560.55 


369.287 


128 


I9II.47 


175 


6717.43 


384435 


129 


1970.15 


176 


6877.23 


400.101 


130 


2030.28 


177 


7039-97 


416.298 


131 


2091.94 


178 


72057^ 


433041 


132 


215503 


179 


7374-52 


450344 


133 


2219.69 


180 


7546-39 


468.221 


134 


2285.92 


181 


7721-37 


486.687 


135 


2353-73 


182 


7899-52 


505-759 


136 


2423.16 


183 


8080.S4 


5^5-450 


137 


2494.23 


184 


8265.40 


545778 


138 


2567.00 


185 


8453-23 


566.757 


139 


2641.44 


186 


8644.35 


588.406 


140 


2717-63 


187 


8838.83 


610.740 


141 


279557 


188 


9036.68 


633778 


142 


2875.30 


189 


9237-95 


657-535 


143 


2956.86 


190 


9442.70 


682 029 


144 


3040.26 


191 


965093 


707.280 


'-^1 


3125.55 


192 


9862.71 


733-305 


146 


3212 74 


193 


10078.04 


760.000 


147 


3301.87 


194 


10297.01 


787.590 


148 


3392.98 


195 


10519.63 


816.010 


149 


3486.09 


196 


10745.95 


845.280 


150 


3581.23 


197 


10975.00 


875.410 


151 


3678.43 


198 


11209.82 


906.410 


152 


3777-74 


199 


11447.46 


938.310 ' 






300 


1 1688 96 


971.140 
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OF AQUEOUS VAPOUR. 
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Pressure. 


Tempe- 
rature. 


Pressure. 


Tempe- 
rature. 


PiessUie. 


mm. 





mm. 





mm. 


12183.69 


212 


14902.22 


222 


18058.64 


12437.00 


213 


15197.48 


223 


18399.94 


12694.30 


214 


15497-17 


224 


18746.07 


12955.66 


315 


15801.33 


225 


19097.04 


I3221.I2 


216 


16109.94 


226 


19452.92 


13490-75 


217 


16423.15 


227 


19813.76 


13764.53 


218 


16740.90 


228 


20179.61 


1404^.52 


219 


17063.29 


229 


20550.48 


14324.80 


220 


17390.36 


230 


20926.40 


I461I.32 


221 


17722.13 
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,d Slbermann meat 
of vapours, 307; 
mbustion, 366; UbiM 

on the behaviauT of i< 
ver when heated, 40; 



■n then 



r. 370- 



r,»3- 



Flame 

Flucti 

Fluids, condnctivily of, ajji 

Fluorescence, 151 ; liken«*i loj 

phorescence, 154 

of. as*. 
Flnxet, gt. 

Food, potential energy of. jBl. 
Forbes, explauition of regd«tio««.' 

of refriclion of datk hcu. U 

on abiorplion of heat. iS^t 



lA V»! 










Geyseti of Iceland, convection of 


obserKUonj. 387. 


h'ea, in, 276. 


Formube of inlerpolition, 136. 


Gladstone and Dale on effects of 




temperature on refraction, 160. 


317,- on revolving dUk, 3i5. 


Glass, radiation ftom, 205 ; light 


Fouiiei on flow of heat across a wall, 


lays from transparent, 214; from 


358; along a bar, j6j. 


coloured, ZI5. 


Ftankland on the influence of pres- 


Glauber's salt, loi. 


lure on the ipectrum ofhyilrogen, 


Globe, with alheimanons envelope. 




J45 ; [he terrestrial, 147 ; unequal 




leniperatnte of, a Source of energy, 


3M- 


383- 


Freeiung mixtures, 92 ; of a lake. 


Gore, G., observations on iron, 169. 


06; apparatus, lOQ ; Carry's ma- 


Graduation of mercurial Ihermo- 


Siine. III. 


meter, 13 ; Fahrenheit's scale, 13; 


Freraing-point. 9 J lowering of. 90; 


Centigrade, 13 j Reaumur, 15. 


under pressure, 389. 


Graham's mercurial pendulnm, So. 


^MDch standard of length, 73; of 


Graphic representation, 136, 418. 


weight, 76 ; of density, 76. 


Grassi on effect of tempoiature on 






Fuel, potential energy of, 38.. 


Gravity, specific, or mercury, 77; 


Fuiioii, 88; latent hen of, 90 i of 


Ubie of, 123; of air and gase*. 


ice, nsed as a method of measur- 


148, 156; aUecu convection of 


iiig ijieciEc heat, 284. 


heal, 177. 




Gridiron penduimn (Harrison's), Bi. 




Grove's experiments on bniling- 


Galileo recognized the functions of 


poinls, I30; on energy, 3:8. 


■ mathine. 314. 


Guthrie, Professor, on fteeaiug ndi- 


CtaBoway on safely lamps, »7i. 


tures, 9! ; on the conductivity at 




liquids, 374. 


^nioiiison'i, 1O3. 




Hm, urdiiiary, heat of Ramc of, 370, 


Haidlnger on rellecUon from gold, 


Ooeouiniotioo, theory of. 394- 


344, 


Gmu, dilatation .of, 59-7° i con- 


Harrison s gridiron pendulum, 81. 


dciuallon of, 1(8, 226; pressure 




of, 130; deniily of. 143; radia- 


of chronometers, 83. 




Hafiy on electric properties of ciji- 


conTedion in. 177; specific heat 


lals, 166, 


of, agi ; heal evolved ftom solu- 


Head of water, a form of potential 


tion of, 370; molecular theory 


visible energy, 318, 321, 380, 


ot39+- 


Heat, definition of, I ; measured by 


'Gsuiot'a invesligalloni in electricity. 




3S7- 


tation ofioh'ds. 15-43 ; of liquids, 


Gay Luisac's labtc of contiaclioo of 


42-58 ; of gases, S9-70 ; effects ol 


liquids. 57; on the vapouts ftom 


on sundards of length, weight, and 


mined liquids, 105; no effect 


density, 71 ; on mcisurcs of time, 


ptodoecd on vapour pressure by 


80; on barometric column. S3; 


change from liquid to solid stale. 




143 , law of density of gases. 


melaVs, 6^v txavA tl■«Qs^, ■*«>;, 


1 143, 401 ; melhod of research on 


ine\\iue-wnm.i, %^-, \Xvtt-'i, N& 1 


deniily ofg^s, 144. 


turion,^-, eBcO.^-i'^ea^-^-'^^ 
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103; causes ebullition, 116 ; boil- 
ing-points, 1 17-122 ; vaporization 
at very high temperature, 125; 
effect of on refraction and disper- 
sion, 160 ; on electric properties of 
bodies, 161 ; on magnetism, 168 ; 
on chemical affinity, 169 ; on other 
properties of matter, 169 ; radiant, 
172; spectra of heated bodies, 
179; reflection of, 182 ; refraction 
of, 186 ; absorption of, 188 ; po- 
larization of, 190 ; probable iden- 
tity with light, 192 ; theory of 
exchanges of, 194 : heat rays, 
equilibrium of, 1 98; for surfaces, 
198 ; for thin plates, 204 ; inter- 
nal radiation, 207 ; light rays, 
equilibriuiti of, 212; radiation of, 
at different temperatures, 219 ; 
from lamp-black, 2 20 : quantity 
of, 221 ; quality of, 228; radia- 
tion of, from a particle, 230; ab- 
sorption of dark, 239 ; refrigera- 
tion, 247; phosphorescence, 250; 
fluorescence, 251 ; conduction of, 
25; ; across a wall. 258 ; along a 
bar, 261 ; conductivity of metals, 
266 ; transmission of, compared 
with transmission of temperature, 
270; conduction in non-homo- 
geneous solids, 272 ; in fluids, 273 ; 
in gases, 402 ; convection of, 275 ; 
in liquids, 275; in gases, 277: 
specific, 2^2 ; measurement of, 
283 ; of solids, 2S7; of liquids, 
290 ; of gases, 291 ; atomic, 297 ; 
latent, 300; of liquefaction. 301 ; 
of vaporization, 304 ; is a kind of 
motion, 308 ; energy of radiant, 
319; of absorbed, 319; laws of 
thermodynamics, 323; conversion 
of mechanical energy into, 323 ; 
caused by fluid friction, 325 ; 
specific, of gases of constant 
volume, 329 ; conversion of, into 
mechanical energy, 331 : engines, 
theory of, 331 ; engines, history 
of, 347 ; connection with electri- 
•ty in motion. 356 ; connection 
h molecular potenViaX etvex^^, 
; latent, 562 ; coi\uec\\owvj\x\v 



chemical separation, 364; rants 
of, developed in combustion, 368 ; 
from metallic predpitates, 369; 
absorbed when salts dissolve, 370 ; 
evolved during solution of gases, 
370 ; transmuted into energy of 
chemical separation, 371 ; vsst- 
formly diffused, 377 ; of snn'i 
rays, 384 ; measure of tempera- 
ture, 391. 

Heat engines, 331 ; history of, 347. 

Helmholtz on energy, 318; on 
energy of animals, 382 ; origin 
of sun's heat, 388. 

Herapath on motion of gases, 394. 

Hero's engine, 348. 

Herschel, Sir J., on fluorescence, 252; 
on potential energy of food and 
fuel, 381 ; instrument for measur- 
ing solar heat, 386. 

Herschel, Sir W., on refraction of 
heat, 186. 

Herwig, Dr. Hermann, on the con- 
formity of vapours to Boyle and 
Gay Lussac's laws, 147. 

Hess, 366. 

Homogeneous solids, conductivity of, 

257- 
Hope's remarks on dilatation of 

water, 50. 

Hopkins* investigations into melt- 
ing-points, 91 ; on radiation from 
heated bodies, 227* 

Hoppe's bands, 243. 

Horse power, defined, 355. 

Huggins on mntion of stars, 233; 
investigations 'into nature of stars, 
comets, and nebulae, 236. 

Humidity, relative, of air, 149. 

Hygrometers, Dani ell's dew-point, 
152; Regnault's, 152; wet and 
dry bulb, 154. 

Hygrometry, 148. 

Hygroscopes, 152. 

Ice, observations on dilatation of, 37' 
artificial formation of, 249; fusion 
of, measures specific heat, 284. 

India-rubber contracts instead of ex- 
panding by increase of tempen- 



\ 



Indium, how d'ncoverei, 134. 
Iiislramcnti Cm mciinring t^mpeia- 

iiutnimenti, 24. 
Internal ladiilion. amOQnt of, 208. 
Inlerjiglition. fomiute of, 1 16, 
* ■■ !, heit from action of, ^fiS. 

liani, tbemio-clectric, 165. 
Irvine on specific heat, I91. 
Iiotbermgts ofi perrect gai, 41S; of 

>m, 419 ; of ciibonic acid, 



jnin'i experiments on effect of 
lempetature oti refraclion. t6o; 
OD reflection of heat of light, 185. 
iiuicn, obicrvaliom on the sun'i 
atmoiphere, 237. 
Joole on specific heat of air, J93 ; 
etpoiinients in Iberroo- dynamics, 
314 ; and on spe; ilic heat of gases, 
337; invcstigaiion of hent of vol- 
taic electricity, 360 ; on Pellier's 



II of 



tidal energy, 3S2, 
ime, (he French Itandaril of 
. weight, 75. 
Kinetic enngy, 310; energy of air 

and water, 383. 
Kirchhoff hat dereloped Ptevoit'i 
theory, 197 : experiments on light 
ajt. a 



'35- 

aoblanch on refleclion. iSf. 
EdPp'i Dbtervaliont on cubical dili- 
Ution, 35; on Ro«!-s fnsible 
metal, 40 ; on contriction from 
boiling-poinli, 58; ot 






afgasM. 394. 



Lamp-black radiation, 197, 319: 
velocity of cooling from lamp- 
black surface. 22:. 

Latent heat first taught by Dr. 
Black, 90; what it is, 300, 36a ; 



lister's 



1. 304. 3 



of dilata- 



Laws, of dilitation of saliiis, 2^ j 
of dilatation of crystals (Mitschet- 
iicb), 39; of dilatation of liquids, 
5S ; Soyle'e law, 60 ; of expan- 
iion of gases (Charles' law). 61 ; 
of dilatation of gates (Regoault], 
67: of fbsion, B8 ; of lolldiGci- 
tioti, 94; of mairimnm presinre 
in racao (Dallon), 104 ; of mix- 
tures of gai and vapours, 105; 
of evaporation, 115; of Leideu- 
frost's phienomenon, I23r of re- 
latiou between volume and tem- 
peialure of gases, 130; of density 
ofgB>e>, 143; of relation between 
temperature and refraction (Qlad- 
ilone and Dale), 160 ; of electric 
currents (Seebeek), 161; of radia- 
tion of heat, 172; of reflection of 
dirk heat, 182; of refraction, 
1R6; of polarization, &c., 19a; 
of radiation (exchanges), 204; of 
intenul radiation, 213 ; ofabsotp- 
lioDindradiatiDn,2l8; of velocity 
of cooling. 221 ; of radiation from 
black bodies, ?]7; from gales, 
230 : of dew. 24S ; of fluorescence, 
251 : of flow ofhcat across a wall, 
158 ; of conduction of crystals, 
273 : of cooling due to > gas, 380 ; 
of ^wciBc heal of lolids, 387 1 
of liquids. 39a i of gases (Reg- 
nault). 291; of atomic heat, 397; 
of energy, 3J0; of thermody- 
namics. 333. 

Leidenfrosl'i phinomenon, 133. 

Length, standard of. 71-74. 

• .ge on motion of gases, 394. 
ie s differential thermometei. 13 i 
St to freeie water by evagoia,- 
on, log ; ei^iwnim'M ™> ■nfeia- 
ion of 4mV. ■hW.V ^%V- ■V'W-'^*- 



20t ; on liLw of cooling id ga<es, 

Light, ils heat reflected. 1S5: and 
heat, proha.bly identical, 193 ; 
heat, and sound, analogy of, 219 ; 
absotptioQ of, 9 39 ; cneigy of, 



Liquefaction and solidification, 86- 
Liquidi, dilatation of, 41-58 ; elec 






275; 



;cific hea 



Lockjer, J. N.,Dn ipeelra. 332; the 

331 ; on the influence of pressure 
an the spectrum of hydrogen, 137 : 
OD the motioa of the sun's atmo- 
sphere, 179. 
Locomolivii, 355. 



168; 



uibanc 



Magneto-electricit]', experiniEnts t 
FDucault, 376. 

Magnus on dilatation of ciyilali. 4 1 
of gases, Gi ; on miud liquids 
a confined space, lag ; on boiiinj 
points of saline iolutioDs, Ugj c 
the effect of air dissolved on boi 
ing-poiol, laoi ou the reflectii 
power of lubsUnces for dark hea 



345- 
Malus on polari 



1. 19'- 



I Marchand 

M.TS 
167. 

[ Maniolte' 






on decltic condaclivity, 
I law ofdilitatiun of gases, 
et and dry bufc \i^po- 



Material tuedium pervading <picc. 

368. 
Malteucci on condiictivitj of beM a 

MatthiesMn'i table of cubical dOtr 
lation uf metals and alloys, jt; 
absolute expansion of nu 
49; of water, 55; table of ■ 

Maximum thBrmoawtet, lo. 

Maxwell on molioa of guei, , 
on velocity of louad, 413. 

Mayer on eipaniioa of gawi, ; 
on animal energy, 38a; od 
energy, 383 ; on solar heat, ; 

Measures of time, how aSecte 



Mechanii 



lergy convertible 



im, C, 
3nes and son spots. 385. 
i's proof of law of ia& 
eat, 177; uses pile and ( 
1S7: an rcfractioa of i 
, 1S71 on radiatioo df 
; tible of absoiptiod «{ k 



Meicurial pendulum (< 

Mercurial theimoraeti . , 

filling, 7; caiibratioo of, S; 




eirar of, 16 i wither _ 

velope, errors of, Jo. 
Meicury, dilatation of, 49: apH 

gravity of, 771 fitctmg^pdt 

89, 
Metal, Rose s fusible, 40. 
Metallic preclputes, 369. 
MeUllic ther - - - - 

S3; reflection, 344. 
Melals, cobicai dilatatioo id, J 





1 r»yt from polished, »13i relative 


Hanison's gridiron. 81; energy 




"f. 319- 




Perfect engine*, 339, 


■Hbr, >EStored standard pound. 


Perpetual motion, 308 1 why Im- 




possible, 373. 


^^^ (W. A.) tabit of boiling- 


Person's experiments on laleiil heal. 




303. 




Pelit and Dulong's observations on 








of measnring dilatation of liquids, 




45 i of gasfs, 6: ; experiments on 


^^Ke method of measuti.ig spc- 


cooling in vacuo, 2!i ; in a gas, 




279; on specific heal, 188; on 




atomic heat of bodies, 197. 


^^■^ar energy, 319; con.ecled 


Phillips' maximum thermomelei, 20. 


^^h»,. a?d%i%^.a. 362, 


Phipson on dilataiion of crystals, 41. 








fluorescence, 254; practical mes 




ot '54. 








Phologriphy, chemical change in. 




3?'' 




Physical laws, graphical representa- 


^^^m- 


tion of, 418. 




Physical propertifs of bodies, rela- 


Rri"i™:s^r.'r- 


tion between the various, deduced 


^^Kt, composed of incandescent 






Piciet'i experiment on apparent n- 


dialionofcold, igfi. 


^^ometer. 3™'' " * 


Pierre's researches on dilatation of 




watery solutions, 51; of other 




liqnids, 55: table. 56: laws of 
contraction of liquids, 58 : ob- 




servations on boiling-points, 121. 


1*S£'^£r;:s 


Plate, white, light rays from, 114. 


Plates, bundles of. used for polariza- 
lion, 191 ; thin, heat equilibriuni 


NobiH"ih"™i'p"':. '^7. 


of, ao4! light rays from, 314. 


Platinum, specific heal of, 189 ; use- 




ful as a pyrometer, 389. 
Pnggendorf on Leidenfrosl'i phteno- 


to radiant heat, 193. 


menon, i!4. 
Polarization, 176; of heat, 190, 




l-ipiri". digHlet, MR; his «ean. 


Polished melal. light radiation from. 


engine. 349. 






Porta's conception of »wti.-Ki.«ti^»«-, 


Prfetoncond^c^viVafi,, 267. 


349- 


fVfer. 361. 








■^^^^^■^^^^^^^1 



19; sp«iSc heil of [jlitmiini, 
iS8 ; initrument for mcuuciag 
the snn's hnl, jSG. 
PouDd Troy, formerly English Maii- 

dsrd of weight, 75. 
Piecipiwies, metallic, i6g. 
, Pressure, change of, in gates, 60 ; 
of air, 61 : effect of, oil meltitig- 
s, 90 : effect of, on solnllon. 
, ^, . rapDor ptemue in vacuo and 
I in gas, 104, IDS, 106, 113; iiJ- 

■■ u boiling-point, 117 ; 

;□; ofsqueousviipour. 

■ - r lalilude,139; 

cting fteeiing- 

L point. 389 ; tables of, 419. 

iwTott's theorj' of exchanges of 

I'lieat, 194; on motions of gases, 

's drops, 364. 
tO*Oitaye and Desains on leflectioii, 
[ 1S5 ; on absorption of heat, iga : 
a exchanges, 197 ; on radiation 
ad reflection, 1991 on polarixa.- 
■ lion, 104 ; 
■'blent heat, 




k 



:al, defined, 171 i radiation 
in vacuo. 173: on all sides, 173 J 
with same velocity as light, 173 ; 
cut pass thiongh si 
174; is probably undnlalory mo- 
tion, 1741 laws of its intensilr. 
176; reftection of, i8a ; fefrac- 
lionof, 1861 abiorption oi; 18S: 
jNilaiizalion of, 190; tbeoiy of 
hangei, 194 ; eqailibrium of, 
' ■ "t, 30S : of glass. 



of a parlide, »3i); of gasn. Jje; 

eiieigjof, .119. 
Ridiatori, bad. are good reBecHH). 

198. 
Ramsden's measurenieRt of dilil*> 

Rankine, author of (he tenn t» 
lenlial Energy. 3.3: w towp, 
317, 318; on ydocity of uHiiil 

Rapidity of tefrigeiatioQ in Ceotol , 

Asia, Sit.. 347. 
Rays of light, ho™ composed, i^: 

their properties, 179; eqnilibriusi 

Rciumur's thermometer, 
Reduction of Pahrenhrit'i. ( 

grade, and Reaumur's k " 
Reflection of heat, iSi; 

of cold, 196; melaUic, 
Rellecloo and radiators, 198'.' 
Rtfiietion affected by tempe~ 

160; of heat, 166. 
Rcfrigctalion, rapid, in Central IS 

347- 
Regelation, 971 piobab 

lion of. 97-100. 
Regiianll's apparitUi for 



dilate 



ions on dilatation. 39 ; 1 

□easniing diUtatiOD of"li| 

: method of inmtif ' 

i. 67; ■ '■ * 



experiments on rootan 
and vapour, 105 ; cm vip 
mixed liquids, 105; IcMS 
pressure of aqueous npo 
of other vapours, 141, 
density of gasei, 143 ; 
weight of a litre of gutM, tl 
hygrometer, 1 5 » ; eitporir""" 
specific heat, aSa-joa: ' 
heat, 300 ; of [team, gof. 

Reich and Richter discovered la' 
'34- 

Reversible engines, 331. 

Reynolds, Oibotnt, on 00 

-'on Craofad 






of thin p\atei, lOs, ■, inUTOiV \ «^ iwam, \q8 ; . 
tion, ios ; from \»a>p-\i\»cV.. \ \ie™«oS.. ^p^-. 
atoolote meatwe of, til ; \ •i\*»- 





RotkialttiansmitshciTfitcly, 187; 


Solution, 92 ; effect of pressure on. 


small radiatiua riom. 105, 


94- 


RodweU, G. F.. on the behaviour of 


Sotby im influence of pressute on 


iodide of Mlvet when heiled, 40. 


iululion. 94. 


Rote'j fusible metal. 40. 


Sound and light, analogy between, 


Rnbiilium, how discovered, 3^4. 


iC8; velocity of snuud. 412. 


Kudberg ou boiliuf; of watei, 10 ; 


Sources of energy, 38a. 


dilatatiou of gases, 61 ; on buillng- 


Southern, 304. 


poinu offline solutions. 120. 


Space pervaded by a material me- 


RuhmkoriT's machine, 357, 385. 


dium, 377. 


Rumfocd. Cauut, on latent heat. 


Speciiic gravities, table of, 122 ; of 




air and gases, 148. ij6. 


beat, 316 : on energy of aniraak. 


Specific gravity bottle, 43. 

Specific Tieat. 282-300; of s" "f 


38.. 


Rupert's, Prince, dtopa, 364. 


constant volume, 339; the two 


Rotherford's maximum Ihermometa. 


specific heals connected with the 


30 ; minimum thermometer, 21. 


twoelasticities, 40(1,418, 




Spectra of heated bodies, 179; of 


Sabine. Sir E.. on corinecti^.n be- 


gases, 230. 


tween Bun and terrestrial magnet- 


SpecUoscope, 234. 


ism, 385. 


Spectrum, what, 179; of light and 


Safety lamp, 171. 


heat, iSo; chemical, iSt ; iti 




character and use, 193. 


BjUI* dissolved, heat absorbed by, 


Spheroidal stale, laj. 


370- 


Sftndard of length, 71 ; of weight. 


Saturated steam, 36a. 


74; of density, 76; French and 


,S«turatioB, 149. 


English, 78. 


Sanuore't hair hy^OKope, 151. 


Stan, constinnion of, 235. 


Sa»ery's steam engine, 350, 


Slate, change of, 86-15S; sphe- 


SchnllE-ScUack on absorption, l8g. 


roidal. 1 23 ; influence of slate on 


Soebeck-s law of electric currents. 


specific heat, 296, 


161. 




Seguin and Mayrt on the mechanical 


Fahrenheit, 10 ; pressute at vari- 


eqaiialenl of heat, 31G. 


ons temperalures, 1 31 ; latent heat 


Slteclive absorption of heat, IB9. 


of. 304: euRine, history of. 347; 


Seoannoat, De. on conduction in 


saturated, 361. 


ciyttak, 273. 






potential enercy of food and liicl. 


mentary standard yard, 71. 


3».. 


Siemeaa, C. W.. his pyrometei, 24, 


Stewart, Balfour, fluctuaiion thermo- 


Bmple bodief. atomic heal oC 397- 


meter, 23 ; on pressure and tem- 


Sodiam, metallic, vapour of, 23/. 


perature of air, 6j ; developes 


Solar .peclnim, 179. 


theory of eachanges, 197; experi- 


Solid bodies, spectra of healed, iBi. 


menls on tight, 211; on the 


Eolidificalion »nd liquefaction, S6- 


hcaliug of a disk by totation io 




vacuo, 377 ; revolving body in 


Solids, dilatation of, 2S-4> : uncryi- 


iniloiure, 37S ; remarks on the 


talliied, 26-39; crystalliied, 39; 


aoioia, i%t,. 


atnductioB ol Jiomq^neaus, 257; 


Slokes' ii\Ei\«ii ol o'QWtsw'fe \v^ 


ofnoa-hoiaogentoas, and of cry s- 




t^J/^: ipeciBc heat of, !»■;. 









(-Tlbles, of tempeiatDrc of ileam 

intrj'Slallized Kilids (1iiiear>l, 

. .tcubicl),3S,j6;ofdil»t.tia.n 

«f mercuiy, 49 ; of water, 5J ; of 

' other liqaidi, j6 ; of dilatation of 

- volatile liquids, 57; of eontnction 

□f alcohol and tulphuiet of cii- 

hou, 57 ; of dilatation of gues, 

66; of comparative lempetitures, 

70 ; of comparison of French and 

Engliih standards, 74, 75 ; of 

raelting-polnli, 89 ; of freezmg- 

mixlurcs, 94 ; of boiiing-pointt 

and specific gravities, Iii ; of va- 

poriiation (Cagniard de la Tour), 

116; of prcisuTC of vapours, 142 ; 

ofdentitici of gaiei and vapouri. 

I43 i of density of steam, t+7 ; 

of j^M>, 14B; of npiiuri, 143; 

I of etFccti of lempeiature on te- 

frtdion, l6oi of electric conduc- 

L tlvliy, 167: of reSectlne powers, 

[ 184; of velocity of cooling 

L ^Dutoiig). Ill, 113; of radiations [ 

vmo, 3iS; o( ibwrfluia -of \ 

^._l (Melloni), 14O; ot |,gLWi, \ 

^1 i of thermal conilucvWwy o5 

, 36 J i of v»mtioa "A tbe 



rilh temperiture. s6t 
comparison between theflod 
electric coaductivit)', l€fr 
thermal reiislance of UqahJ*. '" 
of rise of spediic heat witb 
pentute, iSS; of specific' 
platinum. 189; of specific 
solids, 189; of wxt«, 39!! 
gases under constant presciiiA' 




— Croakei' cTperinient, ^PSiJ 

Temperiture, prelimiotijt dcM 

of. 5: eqaikbrium o( g; &" 

melcts, 7-.,, -™» « 
14 ; ineasorcd by A 
^r, 67, 391; efiectm 
uaruE of leugih, ttiats, and dC 
71 : effecl on meuoces of 
So ; on barometric ooIhDW 
eflecti of, OD refitctioa tai 
periion, iGa : 011 elediicd <] 
penies of bodies, lOl-tfitl 
magnetism. 168; on db — 
at!inity, 169 ; ou otha (M 
of mattcT, 169 : movcabU 
briuni of, I95 ; aflecti qi 







Tomlihion, C, on supersaturated so- 


M7- 


lutions, 101; on boiling-points,. 


Thetmo-electric currmti, i6l ! 




•eriei, 163 ; inveraons, 165. 


Torricellian racuum, 104. 


Thennomelei, requitemmts of a 


Touniialiiie. 166; use of in ejiperi- 


good, 6: alcohol, 19; msiinium. 


menti on polarization, 191 : light 


iO; miaimDm, 23; diffeiealial, 


rap from, iis. 


I3;fluctoition, 23; deep sea, 34; 


Trade winds, 377. 


me of lo measure dilaiation. 41 ; 




air, 67;m<Ullic(B,eguet's).83; 


□f heal and temperature, 170. 


boiliDg-pomMig. 




Tbenoomeiet, mercurial, 7; how 


320. 


litlcd,8: calibration of, 8 ; fixed 




points of. g ; freezing-point of, 


certain vapnurs by light, iSl : 00 


g; bolUng-point ot; lo; gradua- 


dark heat, 190; on absorplioD of 


tion uf, 13; scales, 13; correc- 


heat, 343 ; on artificial formation 


lionj for change of zero, jj; 


of ice, 14J: on conducdon of 


wuitei of error, 16. 


heat in wood, 270. 


Themioroclrlc icale, 391. 




Tbermo-pile. 162; used to Investi- 


Uncrystallized solids, dilatation of. 


gate ndUnl heat. 187. 


Thilorier's observationi on dilaiation 


UnduUtory motion, radiation a form 


of carbonic add, 56 ; condensing 


of. 174; theotyofUghtconfimied 




by analogy, 2,8. 


Thin plates, radiation from, 305 ; 


Unit of heat, iSj. 


light nyl from, 214. 


Universe, its motions suifet degrada- 


Thianson s. Professor J., conjectures 


tion, 377. 


at to meltiog-poinls, 90 ; on tidal 




en'tgy. 38a ; on effect of pressure 




on fteeung-point. 389; on rela- 


of cheinieal affinity on. 106; eoW 


lions between the Gaseoni, the 


due to. 109; model of, 115; 


Liquid, and the Solid states of 


latent heat of, 304. 




Vapour, and gas mixed in a confined 




space, 105; condensation of, 118;, 


the truth of his brother's conjec- 


pressure of, 130,- remarks on 




pressure of, 143 ; density of. 143; 


163; on ihermo-dynamici, 331 ; 


weight of, in ait, I.^G; tables of 


on perfect engines, 340; on Pel- 


aqueous, 429. 


Varieties of rays affect the eye dif- 


required to conveil water into 


ferently, 330. 




Vibrations, causing sound, are a 


'""ey." 315 : on conversion of 


species of energy. 319, 


heat into potential energj' of che- 


Vis viva, .77. 


mical separation, 376; oa tidal 


Viscosity gaseous. 401. 


energy, 383 ; on origin of solar 




heat, 388 i on temperature, 394 ; 


87. 


»Ppli(ationi of the dynamical 


Visible energy. 31S. 


theory of heat, 404. 


Vogt on clectiic cosAaCiiW^ , \^. 


Tides, caerey derived from. iSl, 


VolatiWViqji»4i, &\M.».'M«.t«,l^. 


^.■***- 


Voltaic t\e«.uc\\^,\tna.W*t»»«a 


Taae, lotaiarti of. fc-flj, 


1S&- 
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^*on Bote on electric condcctiritv, 
I66. 

Wall, flow of heat across, 258. 

Water, dilatation of, 50 ; weight of 
cubic inch, 76; specific heat of, 
291, 296; latent heat of, 301; 
head of, as energy, j?i8, 380; in 
motion, energy of, 380 ; between 
o" and 4^C becomes lowered in 
temperature by a sudden compres- 
sion, 409. 

Waterston on solar rays, 388. 

Watt on latent heat, 304; steam 
engine, 352. 

Wave-length, 174. 

Weber, H. F., on atomic heat of 
carbon, boron, and silicon, 298. 

Wedgwood's p3Tometer, 24. 

Weighing in air, corrections for, 

157- 
Weight, standards of, 74, 75 ; of 

a litre of certain gases, 148; of 

vapour in air, 156. 

\\'r\U\ Dr.. law ot dew. 248; on 

tornution of ice at Calcutta, 249. 



Welsh, observations on vapour, i 
Wertbeim*s experiments 00 efl 

of temperature on metallic w 

170. 
Wet and dry bulb hygrome 

154 
White plate, light rays from, 21 

Wiedemann and Franz on coni 

tivity, 269. 
Williams, Major, experiments 

freezing of water, 91. 
Winds, trade, 278, 
Wolf on effects of temperature 

capillarity, 169. 
Wollaston on solar spectrum, 23 
Worcester, Marquis of, concef 

of a steam engine, 349. 
Work done by perfect engines 

Yard, the old standard, 71; 

new, 72. 
Young, author of term ' enc 

313- 

Zero, liable to change, 1 5 ; absi 
of temperature, 346. 



^u- 







t 'r ■ ^ „ V;* TUa book 11 udora 

UkMfl 











■ ,- ,'-' 




-',' 




■ -f 




"■■-.■^ 




-i 




• 


■ 


















.'..^ 






— 



